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Abstract
As more active pharmacological agents are discovered, the 
study of their absorption, distribution and metabolism is made 
more difficult by the resulting lower dosage levels. The role of 
radioactive isotopes is central to this work, consequently great 
effort has been made towards the discovery of routes to molecules 
labelled with radioactive isotopes.
The work discussed in this thesis represents the first 
application of polymer supported catalysis in the tritiation of 
organic molecules. Where appropriate, NMR spectroscopy was
used to delineate labelling patterns, which in turn allow 
mechanistic inferences to be made.
The scope of the method has been extensively examined, and 
advantages of the polymer supported heterogeneous system, such as 
the ease of catalyst separation and the possibility of obtaining 
unique selectivity, are highlighted.
Chapter 1 ; Introduction
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1.1 Tritium and its uses.
There are three established isotopes of hydrogen namely 
hydrogen or protium (^H), deuterium (^H) and tritium (^H), The 
discovery of higher isotopes has been r e p o r t e d ^ » 2  however their 
existence is a controversial issue in the light of their highly 
unstable nature. Unlike hydrogen and deuterium, tritium is a 
radioactive isotope and decays by the emission of low energy beta 
radiation according to the scheme
?H ----------- l u B * +
Some important physical properties of tritium are summarised in 
Table 1,
Tritium is a convenient isotope for use in research since its 
half-life of some 12.3 years is conveniently long, but short 
enough to allay concern over production and the storage of large 
quantities. Moreover, compared with other isotopes such as 14c, 
tritium is relatively inexpensive. There are three further 
properties of tritium that have led to its widespread use in the 
life sciences. Firstly, molecules can be labelled to extremely 
high specific activities (max. 29.3Ci/mmol per site) relative to 
l^C (max. 62mCi/mmol per site) therefore tritium is widely used in 
the pharmaceutical industry, for example, in the fields of drug 
metabolism and receptor binding studies. Although is still
dominant in the former field, the use of tritium is necessary when 
very low doses are required. However, in receptor/ligand binding 
work, where higher specific activities are required, the use of
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tritium is essential-
Table 1 : Some Physical Properties of Tritium
Production ^Li (n,a) 3h
Radiation 13 (100%)
Half-life 1 2 .3 years
Decay constant 1.8 X 10-9 s-1
Max. /3-energy, E^max 18.6keV
Mean /3-energy, E^^ean 5.7keV
Max. Specific Activity (per site) 29.12Ci mmol-1
Dissociation energy, T 2 -- ► 2T 4.59eV
Ionisation energy, T — T’^ + e" 13.55eV
Volume of ICi of tritium gas at s.t.p 0.385ml
Secondly, tritium has good autoradiographic properties. 
Although the lower energy of the jS particles, relative to 
results in a loss of sensitivity, their short range in 
photographic film (1 0 “^cm) leads to the attainment of higher 
resolution. The technique of autoradiography is based on the 
ability to detect, locate and measure ionising radiation through 
the use of a photographic emulsion^. In practice a specimen 
containing the radioactive material is brought into contact with 
the emulsion and the /3-particles from the disintegration of 
tritium atoms cause the same effect on the silver halide grains as 
light. Therefore a photographic image of the emulsion can be 
obtained allowing the tritium to be located. The technique can be 
used as an aid to chemical purification when used in conjunction 
with thin-layer chromatography, or more importantly as a probe
Chapter One : Page 4
in molecular biology or cytotoxicological studies. Consequently 
tritiated precursors of the essential components of living cells 
(proteins, RNA, DNA etc) allow information to be obtained on 
biological mechanisms and transport. In both fields in vitro 
autoradiography, usually on samples of tissue or organ, is a very 
valuable technique.
The third important feature of tritium is that the position 
of the label in tritiated molecules can be determined by nmr 
s p e c t r o s c o p y * .  The triton, like the proton, has a spin quantum 
number 1 = therefore it is a suitable nucleus for high
resolution magnetic resonance spectroscopy. Selected magnetic 
properties of tritium along with those of other radionuclides used 
in the life sciences are shown in Table 2. Tritium has a high 
nuclear magnetic moment /i-t which causes the value of the 
magnetogyric constant 7-t to be higher than for any other nucleus 
in the Periodic Table. Consequently tritons at 96MHz have a 
slightly higher nmr frequency than the proton (90MHz), at a field 
of 2.114T. In practice this results in a slightly larger 
spectral dispersion in the case of the triton and moreover, the 
magnetogyric constant renders the triton the most
receptive nucleus to nmr detection.
A further advantage of nmr spectroscopy is that the 
natural background abundance of the isotope is virtually zero. 
This results in detection of the isotope at very low isotopic 
abundances. In practice a sample containing 0.5mCi at a single 
site (max 29.1 Ci) will give a satisfactory signal to noise ratio 
after one hours accumulation (at 3 2 0MHz).
Chapter One : Page 5
St »
s'zwto
5to(Q360
1
0m
I
IoT3O*
C0)&
3"<P
Chapter One ; Page 6
The ability to determine the position of labelling in biologically 
important molecules is of paramount importance since the
determination of metabolic pathways by tracer studies requires
that the label is in a stable position.
In comparison ^^C has a spin quantum number of zero and 
cannot be detected by nmr techniques. ^^P could be used in
principle however its receptivity to nmr detection is low
resulting in long accumulation times unless highly enriched 
compounds were used. Furthermore the use of this isotope is 
restricted to phosphorus containing molecules, where ^^P nmr is 
already an established technique^'
1-2 The Labelling of Compounds with Tritium
With the widespread use of tritiated compounds in the life 
sciences^ the demand for tritiated molecules is considerable. 
Consequently great interest has been expressed in the development 
of methods by which such compounds can be prepared. In general 
there are two routes by which tritium is incorporated into 
substrates :
(1) Direct chemical synthesis
(2) Hydrogen isotope exchange
In both cases only the preparation of those compounds containing 
C-T bonds are considered since tritium atoms bonded to heteroatoms 
are invariably labile and consequently their applications are 
limited.
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1.2.1 Direct Chemical Synthesis
There are a number of methods by which a tritiated compound 
can be prepared by reaction of an unlabelled precursor and a 
tritiated reagent such as a tritiated compound, tritiated reducing 
agent or tritium gas. Obviously the simplest case is reaction 
between a tritiated compound and an inactive compound to give the 
appropriate labelled product. Examples of this route include the 
preparation of a-tritiated a-iodinated carboxylic acids by halogen 
exchange of the brominated derivatives in the presence of sodium 
iodide^.
Nal
BrCHTCOOH —>  ICHTCOOH
Similarly tritiated methylchloride has been prepared through 
reaction of tritiated hydrogen chloride with diazomethane^®.
TCI + CH2N2 — ► TCH2CI + Ng
In a further example the Sandmeyer reaction of substituted 
tritiated aniline derivatives was used to generate a series of 
tritiated aryl halides and nitrilesH.
HCi,NaN0 2  T r ^ ^ B r
U : ^ C H 3  CuBr
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Alkylation reactions although falling into the same category 
deserve attention as a method in their own right since they offer 
a convenient route to many specifically tritiated substrates. 
Usually tritiated methyl iodide is used to methylate the NH and SH 
functionality in such substrates as methionine (Fig.l), D-aspartic 
acidl2 , thymidinel3, cimetidine^*, diazepam^^, and tamoxifen^®.
Fig-1 N-methylation of methionine
HSCH2CH2CHCOOH + CT3I — ► CT3SCH2CH2ÇHCOOH + HI 
NH2 NHg
Of the remaining methods of incorporating tritium atoms into 
a molecule by direct chemical synthesis the most important involve 
the reduction of double bonds. Carbon-carbon aliphatic double 
bonds are reduced by metal catalysts in the presence of tritium 
gas. Using catalyst systems such as Pd/C, Pd/BaSO^ and Rh/Al2 0 3 , 
a wide range of tritiated compounds have been prepared ranging 
from the partial reduction of octadeca-9,1 2 -diynoic acid to give 
tritiated linoleic acid^G
CHj(cH2)^C =CCH2C=c(chJ,COOH 
2 T , Pd/c
CHj (c h J^ CT =  CT CHjCT =■ CT (cHj),COOH
to the more straightforward reduction of 2 ,3-didehydrobaclofén to 
2 ,3-3H-baclofenl7.
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TzNH2CH2CH CH =  CH COOH — ► NH2CH2CH CHT CHTCOOH
Pd/c
Cl Cl
Since these reactions are catalysed by heterogeneous metals 
they suffer from the disadvantage of potential catalyst poisoning, 
particularly if there are sulphur or nitro groups near the 
unsaturated centre. In the case of acetylenic compounds a further 
disadvantage is the tendency for noble metal catalysts to promote 
polymerisation, especially at high specific activities^®.
Unsaturated groups other than carbon-carbon double bonds can 
also be reduced to give tritiated products and in these cases 
tritiated reducing agents are utilized. These are invariably metal 
tritides or mixed metal tritides such as sodium or lithium 
borotritide and lithium aluminium tritide. Typically, the 
groups which are reduced include carboxylic acids, esters, 
aldehydes, ketones, and nitriles. For example the hormone 
adrenaline is labelled specifically at the 7 position by the 
reduction of the corresponding ketone with sodium borotritide^^.
H O ^ ^ y C O C H jN H M e  — ^  CTCH2NHMe
Other examples include the preparation of tritiated ethanol at C- 
1 from acetaldehyde^O, proline labelled in the 2 and 5 positions 
from the corresponding carboxylic acids and /3-alanine from the 
nitrile^l, as shown by Fig. 2.
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Fig. 2 Synthesis of ®H-/9-alanine
NaBHJTNCCH,COOH — NHXHTCHXOOH
The final important method of direct chemical synthesis may 
be termed catalytic tritiodehalogenation and involves the 
replacement of a halogen atom by tritium under similar conditions 
to those used in hydrogenation reactions.
RX + Tg —>  TX + RT
A number of experimental aspects have to be considered when 
conducting this type of reaction. Firstly, it can be seen that 
only half of the tritium used can be incorporated into the 
compound, the remainder forms the strong acid TX (where X = 
halogen), which is likely to seriously poison the catalyst. This 
effect is a particular problem if iodine is involved^^. Usually 
such problems can be prevented by using a five fold excess of a 
weak base in the reaction such as triethylamine in order to 
neutralise the acid as it is formed.
Reaction times vary according to substrate and catalyst but 
as a general rule iodinated compounds react faster than the 
corresponding bromo and chloro derivatives, with fluorinated 
compounds seldom being used. The ease of reaction also decreases 
markedly going from aromatic to aliphatic substrates, consequently 
the method is usually restricted to the former category. 
Molecules tritiated by this route range from s-^H-adenosine^®, 3- 
3H-anisole24 to ^H-insulin^S,
Chapter One : Page 11
It should be noted that in the case of slow reactions, the 
build up of tritium as tritiated water in solution may result in 
metal catalysed hydrogen isotope exchange reactions. Although 
normally slow at room temperature, this phenomenon has been 
observed with halogenated derivatives of folic acid.
1.2.2 Hydrogen Isotope Exchange Reactions
The second general method of incorporating tritium atoms into 
organic molecules consists of a number of routes which are
collectively termed hydrogen isotope exchange reactions. These 
can be subdivided into two main categories
(1) Gas exchange labelling
(2) Catalytic exchange in solution
The former method was reported by Wilzbach in 1 9 5 6 2 6  and has 
been described in some detail e l s e w h e r e 2 7 .  Basically the method 
involves the substrate being allowed to remain in contact with 
tritium gas for a number of days whereupon radiation induced
hydrogen isotope exchange takes place. Exchange by this method 
occurs in a random fashion, and consequently the labelling 
patterns cannot be predicted. In recent years the Wilzbach 
method has declined in popularity since significant radiation 
damage to the substrate often occurs and there are difficulties in 
obtaining a pure compound. Furthermore the rate of labelling has 
been quoted as taking place at the rate of one per cent of the 
tritium per d a y 2 8  and this is obviously inconveniently slow in 
most instances particularly where longer exposure times increase
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the risk of radiation damage to the compound.
The tritiation of organic compounds by one step catalytic 
procedures has proved to be the most versatile of labelling 
techniques. A number of heterogeneous and solution methods have
been established and these are discussed in turn.
Acid-catalysed hydrogen isotope exchange was demonstrated by 
Ingold's deuteriation of benzene by deuterosulphuric acid as long 
ago as 1 9 3 4 2 9 . Since this time a wide range of acids have been 
employed to label essentially electron rich aromatic compounds and 
the literature has been well reviewed by Shatenshtein®® and 
Gold®l. The most commonly used acids are mineral acids with 
sulphuric acid perhaps being the most widely used 32,33,34, 
Perchloric acid has been shown to be an effective catalyst by 
Aliprandi^S and the phosphoric acid-boron trifluoride complex was
shown to be some 2 0 0  times faster than 80% sulphuric acid in the
tritiation of benzene®®. Werstiuk®? used 0.1-0.5M DCl to label 
a range of simple alkylbenzenes, aromatic amines and polycyclic 
aromatic hydrocarbons. Both concentrated and dilute mineral acids 
have been used in the study of hydrogen isotope exchange of 
aromatic hydrocarbons®®, anilinium ions®9 and azulene derivatives 
40f41, Russian workers have been particularly active in the use 
of liquid hydrogen halides such as 0 0 1 * 2  and OF*® in the 
deuteriation of aromatic hydrocarbons.
Protiodetritiation of aromatic hydrocarbons in anhydrous 
trifluoroacetic acid (TFA) at 70“C has become one of the the most 
commonly used conditions for studying hydrogen isotope exchange 
and some 2 0 0  partial rate factors have now been 
established*® f*9,50,
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Less widely used is the longer chain analogue heptafluorobutyric 
acid (HFBA) . Although considerably less acidic than TFA it has 
the advantage of having a much higher boiling point (125”C) and 
has been found to be most suitable for the tritiation of electron 
rich aromatic compounds such as aryl ethers and substituted 
aniline d e r i v a t i v e s ^ ^ / 11, Trifluoromethanesulphonic acid is 
claimed to be the strongest monobasic acid known yet surprisingly 
there are few examples of its use in hydrogen isotope exchange 
although it has been used in catalytic quantities with TFA in the 
tritiation of carcinogenic aminofluorene derivatives^®.
It has been mentioned that the phosphoric acid-boron 
trifluoride complex T[F3 B0 P0 3 H 2 ] was shown to be a powerful proton 
transfer catalyst. This and subsequent work on the similar acetic 
acid-stannic chloride^* and acetic acid-boron trifluoride^S 
systems led to interest in the adaptation of Lewis acid catalysts 
to tritium exchange,
Mantescu, Genunche and Balaban investigated the action of 
tritiated water promoted aluminium chloride on a variety of 
compounds including benzene derivatives^®, pyrimidines^? and 
saturated hydrocarbons^®. The authors concluded from this work 
that the catalyst was some ten times faster than the phosphoric 
acid-boron trifluoride complex. Subsequently a range of Lewis 
acids have been studied as proton transfer catalysts by Garnett 
and his co-workers, and alkylaluminium halides have been found to 
be particularly effective. All the work was carried out in ah 
inert atmosphere and two rapid labelling techniques were developed 
, utilising either perdeuteriobenzene or tritiated water as the 
isotope source59^®®. Exchange was essentially complete within
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minutes at room temperature although a trace of co-catalyst such 
as water or HCl was required. It is believed exchange proceeds 
through the initial formation of the strong acid A by combination 
of co-catalyst and aluminium halide (Fig.3, Step I.). This is 
followed by the formation of a charge transfer complex with 
subsequent proton transfer yielding the labelled material (Step 
2) .
HCl EtAICL
2) EtAICL
3) EtAICI, EtAICL
Fig.3 Lewis acid catalysed proton transfer
Strong evidence for this mechanism is drawn from the fact that all 
effective Lewis acid catalysts were found to give a radical ion 
with pyrene, in the competing reaction (3), when examined by e.s.r 
spectroscopy.
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Boron tribromide has been shown to be less powerful than the 
alkylaluminium halides, however exchange into aromatics is still 
rapid under mild conditions®*. In contrast to the general ring 
labelling patterns observed with the latter, those obtained using 
the boron tribromide catalyst show specific ortho and para 
orientation which is characteristic of electrophilic substitution. 
It has therefore been suggested that the active species is an 
extremely strong Bronsted acid perhaps of the form H'*' [BBrgOH]
Although hydrogen isotope exchange has not been studied in 
more acidic sytems, proton transfer has been observed in antimony 
pentafluoride-fluorosulphonic acid (magic acid) systems at very 
low temperatures®^/®®.
Other solid acid systems have also been investigated as 
catalytic media for labelling reactions. Odell and his co-workers 
have reported the use of 7 -irradiated silica gel as a useful 
catalyst for tritium labelling®?/®®. Other heterogeneous 
catalysts include dehydrated alumina®^/?® and H-zeolites where 
labelling patterns suggested an electrophilic mechanism?3-“?*. The 
catalytic activity of zeolites is improved by loading with 
palladium or platinum thereby extending the scope of the method to 
include deactivated aromatics and aliphatic compounds?^-??. More 
recently deuteriobenzene has been shown be an alternative isotope 
source in the labelling of alkylbenzenes over ZMS5 zeolites and Y- 
Mordenite?®.
Base catalysed hydrogen isotope exchange offers a 
complementary route to the use of acid catalysts in the 
tritiation of organic compounds. This method is most applicable 
in the tritiation of carbon acids, that is, those compounds which
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in basic media can be ionised to give a carbanion. The latter 
is capable of abstracting a proton or triton from the solvent 
thereby yielding the tritiated product.
B" BT
RCHgX RCHX + HB — ► RCHTX + B'
Carbon acids include such compounds as aldehydes, ketones, 
sulphones, nitriles and fluorene derivatives, and their properties 
have been discussed in an excellent text?®. The labelling of 
ketones by base catalysed exchange has been well documented by 
Thomas?®. Jones and his co-workers®®“®2 prepared a series of 
methyl labelled acetophenones by exchange in tritiated alkali and 
subsequently studied the rates of detritiation according to the 
scheme
O
OH- HjO
CO C H J < y ^ C O C H ; /  ^COCH,
Similarly a-tritiated carboxylic acids are prepared by simply 
heating the potassium salt under reflux with tritiated water in 
3N potassium hydroxide®®. This principle has been extended 
further to amino acids and although exchange is slower, 
satisfactory results are obtained nevertheless, particularly if 
copper(II) chelated salts of the acids are used®®. Tritiated 
methylene halides are readily prepared by base catalysed hydrogen 
isotope exchange®*
lOO'CCH2X2 — ► CHTXgOT-
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Base catalysed methods have also been applied to the 
labelling of aromatic compounds such as phenols®^ and
d i n i t r o c o m p o u n d s ^ G , 87 _ in the case of the latter the label is
found ortho to one or more nitro groups with Meisenheimer complex 
formation a competing process (Fig, 4).
Fig. 4 Base-catalysed hydrogen exchange of 1,3-dinitrobenzene
NO
OHOH'
0 ,N 0 ,N
Meisenheimer Complex ^ T H O
T
OgNx. xNOz
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In the case of heterocyclic compounds two reviews have been 
published88fB9. Pyridine itself tritiates in all the ring 
positions ; however the relative rates are dependent on pH. For 
example Shatenshtein^® found no observable difference between the
2,3 and 4 protons when exchanged in liquid NH 3 and KNH2 at 25“C, 
however when pyridine was labelled in sodium hydroxide at elevated 
temperatures exchange was fastest at the 2 and 4 positions at low 
and high base concentrations respectively^®. The proposed 
mechanism in the aqueous pH region involves attack of deuteroxide 
on the pyridinium ion to give an ylide intermediate (Fig.5). The 
ylide then abstracts a proton from D 2 O to give the deuterated 
pyridine. An analogous mechanism can be written for exchange in 
more highly basic media with the difference that the initial step 
is rate determining proton abstraction from the neutral molecule 
itself.
Fig.5 Base-catalysed hydrogen exchange of pyridine
DgO
u OD — ►  IL xj- — ^ ^  * HDONiT slow N+ fast
D D D
Base-catalysed routes have been widely used in the 
preparation of tritiated purines and their nucleotides and 
nucleosides91"93 with exchange occuring at C - 8  under slightly 
basic conditions (pHB), Normally such compounds are heated in a 
tritiated solvent at 100“C for 5-10 hours.
OT
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Although exchange is slow at room temperature the labelling 
of adenosine triphosphate has been reported by this route®^. 
Pyrimidine bases and their sugars can also be tritiated by heating 
with tritiated water in DMSO in the presence of strong bases®^, 
however in these cases the solvent also labels.
The final major type of hydrogen isotope exchange reaction is 
that catalysed by metals, either in solution or using a 
heterogeneous system. In general transition metals are employed, 
particularly those in Group VIII (Pd, Pt, Ni). In the case of 
heterogeneous catalysed exchange the methods involves the 
reduction of a suitable metal compound by sodium borohydride to 
give a fresh and active metal catalyst. The substrate is then 
heated with the catalyst in the presence of tritiated water, 
normally to temperatures in the region of 110-150 °C for 24-40 
hours. Where solvents are required, dioxan is preferred although 
acetic acid and ethanol have been used 96-99, Palladium and 
platin^um are the most widely used catalysts although rhodium, 
ruthenium, iridium and nickel are also effective. The technique 
is applicable to a wide range of compounds including amino 
acidslO®, polycyclic aromatic hydrocarbonsi®i, pyrimidines and 
n u c l e o s i d e s ^ ® ^  and steroidsl®3. The adaptation of heterogeneous 
metal catalysed hydrogen exchange to heterocyclic compounds has 
been thoroughly reviewed by Calf and Garnett®^.
Both classical (those involving the formation of a-bonded 
intermediates)1®4,1®5 and ^-complexation based mechanisms have 
been postulated for the process by which exchange takes place. 
While the latter have been accepted in recent years as a more 
accurate representation, there is much dispute over whether the 
substrate is chemisorbed to the catalyst in an associative or a
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dissociative manner. Garnett^®®”^®® has provided much evidence to 
support the former case, however other workers have preferred the 
latter to explain isotope distributions in molecules containing 
bulky sidechainsl®9fll®.
In addition to conventional heterogeneous metal catalysed 
hydrogen isotope exchange a more recent homogeneous method has 
been developed^^^. Typically the procedure, which involves the
use of platinum(II) or palladium (II) salts, is extremely 
susceptible to pH. If the acidity is too high then the catalyst 
tends to be poisoned, if it drops below a threshold value
reduction of the metal ion occurs with the precipitation of the 
metal itself. In the case of the latter the reaction will revert 
to heterogeneous metal catalysed exchange.
The homogeneous reaction has been found to be most suited for 
the labelling of aromatic compounds whilst aliphatic compounds 
label very slowly. In general it is found that the homogeneous 
route gives lower specific activities than the heterogeneous
method mainly due to the fact that acetic acid is normally used to
keep the exchange medium homogeneous. Comparisons of the 
heterogeneous and homogeneous platinium catalysed exchange methods 
for the deuteriation of hormones and steroids^ ^ 2  and polyphenyl 
aromatic h y d r o c a r b o n s have been published. More recently the 
chlorides of ruthenium and rhodium (III) and their substituted 
acetylacetonate complexes have been found to be highly effective 
in the deuteriation and tritiation of deactivated aromatic 
compounds such as amines, carboxylic acids and amidesll4-116. The 
use of ^H nmr spectroscopy has shown that in nearly every case 
unique regiospecificity is observed with the label
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found exclusively ortho to the deactivating group. Selected 
examples from this work are shown in Fig. 6 .
CO 2H f . CO^HRu^ acacj^
T2O
CHoNH. CH.NH,2'” '2 RhCI
Fig. 6 Homogeneous metal catalysed tritiation of aromatics
Heterogeneous metal catalysed exchange in solution with 
tritium gas is a relatively recent method for labelling certain 
functionalities under neutral or basic conditions^!?. Palladium 
oxide supported on barium sulphate has been shown to be the most 
useful catalyst!!® although palladium supported on calcium 
carbonate and charcoal is also effective. The method is ideal for 
the tritiation of benzylic protons such as those in folic 
acid!!®, actinomycin!2® and pyridoxine hydrochloride!^!. The 8  
position of a purine ring is also readily labelled by this route 
and a series of tritiated purine nucleotides have been prepared to 
high specific activity!^.
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1.3 Disadvantages of current methods of hydrogen isotope
exchange ; opportunities for polvmer-supported catalysts
Although the existing one step methods of exchanging protons 
with tritium collectively offer great versatility there are a 
number of disadvantages inherent in the individual catalytic 
processes. In the case of acid catalysed hydrogen exchange,
solutions of concentrated acids may be used. These tend to be 
very corrosive and at elevated temperatures side reactions such as 
sulphonation, nitration and oxidation tend to be a problem. These 
can be avoided using dilute acid solutions, however exchange is 
usually slower and the level of dilution of the isotope limits the 
level of specific activity obtained. The carboxylic acids such as 
TFA and acetic acid present fewer problems, however the rate of 
labelling tends to be much slower due to the decreased acidity of 
the system
Higher acidities are provided by Lewis acids and often 
reaction times are short under mild conditions, however the most 
active catalysts such as the organoaluminium chlorides are very 
reactive and in some cases pyrophoric, therefore special 
precautions need to be taken such as the use of an inert 
atmosphere box. Furthermore it has been found that this method is 
virtually limited to simple model compounds since degradation is a 
serious problem in molecules which exhibit any degree of 
complexity. In addition the procedure required to isolate the 
product from a Lewis acid residue is at times involved and would 
benefit from a simplification of the method.
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The phosphoric acid-boron trifluoride reagent was shown to be 
a potent catalyst at room temperature where electron rich aromatic 
compounds were concerned, however the complex itself is unstable 
and decomposes at high specific activity by self-irradiation 
therefore the reagent needs to be prepared in situ. A further 
disadvantage is that the complex attacks conventional glassware 
and needs to be stored and used in polyethylene apparatus. 
Similar problems are envisaged if the superacid systems HF-SbFg 
and FSOgH-SbFg were ever utilised for this purpose.
Base catalysed exchange suffers the same disadvantages as 
acid catalysed techniques, namely the loss of specific activity to 
the solvent and the difficulties encountered in isolating the 
tritiated material from the reaction mixture. Since most metal 
catalysed routes are heterogeneous the separation of substrate 
from catalyst is simply conducted by filtration. Indeed most of 
the difficulties of metal catalysis arise through the nature of 
the substrate. Consequently nitro, iodine and sulphur containing 
molecules tend to poison the catalyst and low levels of 
incorporation are observed.
Therefore it would be very useful to develop new 
heterogeneous systems of acidic and basic nature which are 
effective, convenient to use, cheap and which allow facile 
separation of the catalyst from the reaction mixture. All of 
these criteria are met by supported catalysts, in particular 
polymer supported catalysts.
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1 . 4  Polymer Supported Catalysts : An Introduction
Prior to the mid 1960's interest in polymers was mainly 
centred around their applications as new materials rather than as 
supports for organic reagents and catalysts. Although ion 
exchange resins had been previously widely studied as acid and 
basic c a t a l y s t s ! 2 2 “ 129^ interest at this point was confined to the 
research laboratory.
This situation changed dramatically in 1963 with Merrifield's 
adaptation of "solid phase peptide synthesis",130-132 which an
insoluble crosslinked macromolecule was used as a protecting group 
thereby allowing the sequential build up of the peptide chain with 
the terminal amino acid residue bound to the polymer. 
Consequently purification after each condensation stage was 
rendered trivial, and the pure product was simply cleaved from the 
polymer using the appropriate reagent.
Over the last three decades, there has been an enormous drive
to utilise macromolecules in such diverse fields as polymeric
reagents, substrate carriers, in the immobilization of cells and
enzymes, as pigments in dyes, as stationary phases in
chromatography, and as supported catalysts. Obviously such
activity generates a wealth of literature and the reader is
directed to a number of excellent books and review articles!!!"* 
152.
Polymer supported catalysts are examples of functionalised 
polymers, that is, a macromolecular matrix to which pendant 
functional groups are chemically bound. The polymer itself may be 
linear in form allowing it to dissolve in a suitable reaction
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solvent!5!'!54 or a crosslinked resin which is insoluble in all 
reaction solvents but at the same time also undergoes solvation. 
Of the two systems the latter is more commonly employed due to the 
practical advantages of the heterogeneous system.
The incorporation of the active functional group onto the 
polymer backbone can be achieved by either copolymerising monomers 
already containing the functionalities required^ - ^ 2 or by the 
chemical modification of a preformed polymer. The advantage of 
the former is that it allows the possibility of predicting the 
relative location of the functional group inside a polymer chain, 
that is, the sequence distribution provided the reactivity ratios 
of the co-monomers are known. However disadvantages such as the 
effort required to optimise the co-polymerisation procedure to 
give a good yield of the required polymer and that of a suitable 
physical form have meant that the latter method is usually used. 
Furthermore it is often observed that with resins functionalised 
ab initio by copolymerisation relatively high proportions of the 
functional groups may be buried inside the inaccessible cores of 
highly crosslinked nodules^^^.
Chemical modification of preformed polymers allows the use of 
high quality commercially available supports as starting 
materials. This is important since these have usually been 
characterised to some extent and often the molecular weight, 
amount of crosslinking, and porosity are known. Furthermore, 
these resins tend to give products with a good physical form, 
although it should be noted that the polymers modified by this 
route seldom have every repeat unit functionalised and also the 
functional group distribution may not be uniform. Generally
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chemical modification will occur at the more accessible sites, so 
few, if any of the modified sites will be unavailable for reaction 
in contrast to the situation pertaining to the copolymerisation of 
functionalised monomers.
There are several factors that need to be considered before 
the choice of polymer support is made. These include the ease 
with which the appropriately functionalised polymer can be 
prepared in a suitable physical form. Obviously the polymer 
matrix itself should be inert under the conditions of intended 
use, especially if the polymer is to be recycled and re-used. 
Consequently polymer supports containing active OH and NH groups, 
and groups susceptible to hydrolysis, oxidation and reduction are 
limited in their application. Materials falling into this 
category include polyacrylates, polyesters, polyacrylamides, 
polyamides (nylon and peptides), polyurethanes and 
polysaccharides. It can be of no surprise therefore that most 
applications have involved the use of functionalised polystyrene 
derivatives. Other supports which have been used for specialised 
applications are shown in Fig.7. These include polymers derived 
from acenaphthylene I^^^, 2 -vinylthiophene II!^®, alkyl 
methacrylates inl57,158^ and N,N-dimethylacrylamides IV. Of 
these the aromatic polymers resemble polystyrene but are more 
easily functionalised, and the other monomers give polymers that 
are reasonably stable but are more polar than polystyrene. 
Further supports of interest are the polyetheretherketone (PEEK) V 
and polyetherethersulphone (PEES) Vl!^®which have excellent 
thermal stability.
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Fig=7 Some Specialised Polymer Supports
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The ease of chemical modification of a resin, and obviously 
the success of its subsequent application depends somewhat on the 
properties of the resin itself. For example, the resin must have 
a structure which can be sufficiently solvated so that diffusion 
of reagents to and from the active sites can take place. This 
degree of solvation in turn is determined by the effective pore 
size and volume, and also by the thermal, mechanical and chemical 
stability of the polymer. These factors are in turn governed by 
the conditions employed during polymerisation and the amount of 
cross linking agent used. Consequently two distinct polymer 
structures can be identified, namely gel type (microporous) and 
macroporous resins respectively.
Microporous polystyrene is prepared by the copolymerisation 
of styrene and a difunctional comonomer (usually divinylbenzene) 
in the absence of any solvent. When the material is solvated a 
soft porous gel-like network is established by the swelling of the 
polymer with the degree of porosity controlled by the extent of 
cross-1 inking. Gels with very low degrees of crosslinking (<1%) 
give active groups which are readily accessible to many reagents , 
however their mechanical stability is poor and they readily 
fragment on handling. In contrast highly crosslinked gels (>8 %) 
are mechanically very stable, however approach to the active 
groups is subject to severe diffusional control, and slow and 
incomplete reactions are observed in practice. Usually a 
compromise is made by using resins containing 2-4% divinylbenzene 
allowing adequate penetration by most small reagents whilst 
retaining reasonable mechanical stability.
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Macroporous polystyrene is prepared as before but with the 
use of an inert solvent (porogen). Consequently a fully expanded 
network is formed of extremely high porosity^^®. In order to 
achieve reasonable mechanical stability in the swollen state high 
levels of divinylbenzene (ca 2 0 %) are used in the preparation. 
Removal of the porogen causes the matrix to reversibly collapse 
giving rise to a structure in the dry state similar to that of 
microporous resins, Macroreticular resins^Gl are a form of 
macroporous resin where the porogen is a solvent for the monomers 
and a precipitant for the polymer. In this case when the porogen 
is removed the polymer retains its structure which is highly 
porous and rigid. Not surprisingly very high levels of 
crosslinking are found in this type of resin and in some cases 
this exceeds 50%1G2. The structure of macroreticular resins 
consists of a cage like matrix in which the active sites are 
located within pores of large and permanent volume, therefore in 
practice diffusional restraints are limited. Not surprisingly 
macroreticular resins can withstand considerable steady pressures, 
greater than lOOOpsi in some cases, but are liable to fracture 
under sudden stress. It should be noted that the problems of 
mechanical (and thermal) instability of polymer supports can be 
overcome by utilising inorganic supports and the reader is 
directed to appropriate reviewslG3,164
A large number of routes to functionalised polystyrene 
derivatives have been discovered in the last two decades. Of 
these, chlorométhylation and the bromination-1 ithiation 
combination are by far the most important since they give 
derivatives which are highly reactive towards nucleophiles and
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electrophiles respectively. Consequently a wide range of polymer 
supported species can be prepared from these i n t e r m e d i a t e s a n d  
selected examples are shown in Figs 8 and 9.
Chlorométhylation was originally carried out using stannic 
chloridelGS^ however more recent methods have utilised other Lewis 
acids such as anhydrous zinc chloridel^G and boron trifluoride 
etheratelG?, Generally substitution in the more accessible para 
position is observed regardless of the method preferred.
The early brominations of polystyrene were carried out by 
stirring the resin with a solution of bromine in carbon
tetrachloride in the absence of catalyst and light. It was found 
that the amount of bromine incorporated using lightly crosslinked 
resins tended to be low whereas significantly higher loadings were 
obtained with highly crosslinked resins^®®. This was due to 
bromine addition across residual double bonds in the crosslinks 
and free radical bromination of ethylstyryl residues which are 
usually present in significant quantities in commercially 
available polystyrene.
A more reliable procedure involves the use of Lewis acid 
catalysts such as ferric chloride^®^ and thallic acetate^^®. In 
the case of the former high bromine incorporations (/v 6 mmol/g) 
which correspond to greater than one hundred per cent ring 
substitution can be obtained. Treatment of these resins with 
potassium t-butoxide in THF removed up to a third of the bromine, 
thereby indicating that in addition to the expected ring 
substitution, a significant degree of alkyl bromination had also 
taken place. Furthermore, the products obtained with this 
catalyst tend to be non-homogeneous and highly coloured. In
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contrast resins broiainated in the presence of thallic acetate have 
halogen loadings of up to 4 mmol/g, and are usually much cleaner 
in appearance.
Fig. 8 Chloromethylated Polystyrene : An Intermediate in the 
Synthesis of Functionalised Polymers
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Fig.9 Polymer Supported Lithium Reagents as Intermediates in 
the Synthesis of Functionalised Resins
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The conditions required for the lithiation of brominated 
resins depend on the type of polymer. For example brominated
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macroreticular resins reacted completely with n-butyllithium in 
THF, whereas a 1% gel type resin required several treatments with 
the reagent because the polymer was insufficiently swollen and a 
portion of the bromine groups remained buried in pores rendered 
inaccessible to the reagent. The advantage of the bromination- 
lithiation procedure is that the former step can usually be 
controlled such that the position of any lithium present after the 
subsequent metal-halogen exchange reaction is known with 
confidence.
Although lithium-bromine exchange usually gives satisfactory 
results, a direct lithiation procedure was developed by Chalkl?! 
involving the use of n-butyllithium in the presence of a co­
ordinating amine such as N , N , N ', N ' -tetramethylethylenediamine. In 
this case lithiation was shown to occur at both meta and para 
positions with a meta-para ratio of 2:ll?2. Farrell and 
Frechet^^O optimised the reaction conditions using a 1 % 
crosslinked resin and found that the best degrees of 
functionalisation (@ 2 meq/g) were obtained in a nonpolar 
hydrocarbon solvent such as heptane at 70*C.
More recently a metal exchange reaction between a polymer 
bound tin alkyl and methyl 1 ithium was used to synthesise a 
Merrifield resin lithiated at the methylene groupl?^. This 
regiospecificity could not be obtained via the previous techniques 
due to interfering side reactions and solubility problems. A 
polymer supported analogue of n-butyllithium was prepared by 
Hallensleben using linear polystyrene in THF^^^. This reagent was 
shown to be more effective in hydrogen-lithium and halogen - 1  ithium 
exchange reactions than para-1 ithiated polystyrene for a variety 
of substrates.
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1.5 Advantages of Polymer Supported Catalysts
The interest in polymer supported catalysts (and reagents) is 
driven by the fact that polymeric systems offer unique advantages 
over conventional solution techniques. First and foremost is the 
simplification of the separation of the catalyst from the reaction 
mixture, which in the polymer system is effected by simple 
filtration. The implications are that the catalyst can then be 
regenerated and reused, thereby providing an economic incentive. 
The fact that this step is quantitative greatly simplifies product 
work up and often no purification procedures are necessary. In 
the case of soluble linear polymer supports, techniques such as 
sedimentation and ultrafiltration may be applied, however it is 
appreciated that these are by no means widely available, and not 
as convenient as the method involving filtration of an insoluble 
catalyst.
Polymer supported catalysts can be used in either batch or 
continuous flow processes and it can be seen that the latter lends 
the technique to automation, increasing the attractiveness of its 
application to large scale industrial processes. In the drive 
towards environmentally friendly processes, the great potential 
shown by polymer supported systems has been realised such that 
polymer supported acid catalysts are well on the way to replacing 
concentrated mineral acids in plant operations. Consequently 
problems such as corrosion, storage, transport and waste disposal 
have been greatly alleviated. In addition scarce and expensive 
metals can be efficiently retained when bound to a polymer support 
and in many cases the binding of highly reactive or toxic species 
has produced a more "user friendly reactive moiety".
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One of the reasons why polymer supported catalysts were 
studied in this project was to demonstrate the versatility of the 
method in a field where fewer steps result in reduced exposure to 
radioactivity and savings in terms of time and cost.
Another advantage of polymer supported systems is that often 
reactions are cleaner than the homogeneous analogue, with fewer 
side products. This is largely due to the concept of polymers 
mimicking the solution condition of "infinite d i l u t i o n " d u e  to 
restricted interaction between functional groups through low 
levels of functionalisation, low reaction temperatures and steric 
and ionic effects. Furthermore polymer systems are renowned for 
giving rise to unique selectivity and this is illustrated by some 
of the results in Chapter 2.
For all their advantages, polymer supported catalysts do have 
disadvantages which should be considered. The most obvious is 
the effort and time spent in preparing the catalyst in the first 
place, although the expense is usually quickly recovered once an 
active catalyst is available. In some cases it is difficult to 
prepare polymer supported catalysts with good catalytic activity 
and in others the stability of the catalyst may be poor resulting 
in leaching of the active group into solution. In the case of 
strongly acidic and basic ion-exchange resins limited thermal 
stability has proved to be a particular problem and the work 
reported in this thesis reinforces this view somewhat.
Finally whenever functionalised polymers are used there is 
always the possibility of a side reaction with the polymer itself 
and while a number of these have been c h a r a c t e r i s e d l 7 5 , 1 7 6  there 
may be hundreds more that have gone unnoticed.
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1.6 Polymer Supported Acid Catalysts
It has been mentioned that polymer supported acids 
represented the first class of polymer supported catalyst^23,177^ 
These catalysts took the form of organic cation exchange resins 
which are now so ubiquitous in the modern laboratory. Strong acid 
ion exchange resins are based either on a condensation polymer, 
usually phenol-formaldehyde resins as in the case of Amberlite IR- 
100 (Rohm and Haas) , or more commonly on polystyrene formed by 
addition polymerisation, for example Amberlite IR-120 (Rohm and 
Haas) and Dowex-50W (Dow Chemical Co.). The inclusion of 
sulphonic acid groups provides groups of high acidity and such 
resins are classed as strong acid resins.
Commercially available weak acid resins are invariably based 
on addition polymers of methacrylic acid and divinylbenzene, for 
example Amberlite IRC-50 (Rohm and Haas) and Zerolit 226 
(Permutit) . Some of the more important properties of 
commercially available strong acid resins are shown in Table 3. 
It can be seen that both gel form and macroporous polymers are 
available, the latter having been specifically designed for non- 
aqueous applications. The literature of polymer supported acid 
catalysis is too large to be reviewed here, however selected 
examples of reactions catalysed by gel type and macroporous resins 
are summarised in Tables 4 and 5 respectively.
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Table 4 : Organic Reactions Catalysed by Gel-Type Polymer
Supported Acids
Synthetic Conversion Catalyst Ref.
Polymerisation of indole derivatives Amb IR-120 178
Acid hydrolysis of oximes Amb IR-120 
Dowex SOW 179
Prins reaction (condensation of styrene with 
formol) Amb IR-120 180
1,3-Dioxans from ketones and paraformaldehyde Amb IR-120 181
Acetal synthesis from reaction of 
benzaldehyde and aliphatic primary alcohols Amb IR-120 182
In situ epoxidation of grape seed oil 
Dehydration of D-fructose to its alcohol
Amb IR-120 
Amb IR-120
183
184
Transestérification of alkyl benzoates Amb IR-120 
Dowex SOW 18S
Preparation of tetrahydropyrimidines by 
condensation of carbonyl compounds with NH 3 Amb IR-120 186
Preparation of peracetic acid 
Preparation of synthetic polysaccharides 
Hydroxyméthylation of furan 
Continuous lactose hydrolysis
Amb IR-12 0 
Dowex SOW 
Dowex SOW 
Dowex SOW
187
188
189
190
Addition of methanol to benzoylated 
unsaturated carbohydrates Dowex SOW 191
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Table 5 : Organic Reactions Catalysed by Macroreticular PolymerSupported Acid Catalysts
Synthetic Conversion Catalyst Ref
Benzoylation of polyhydroxybenzenes t-Butylation of pyrrole 
Pinacol reaction in solid state
Amb 15 Amb 15 
Amb 15
192193
194
Removal of silyl protecting groups from oligomeric diol terminated polyesters Amb 15 195
Condensation of benzaldehydes with amines Amb 15 196
Estérification of free fatty acids in 
glycerides Amb 15 197
Support for Pd hydrogenation catalyst Addition of methanol to propylene 
Friedel Crafts alkylation of styrene 
Cumene hydroperoxide decomposition Isomérisation of long chain olefins Acétalisation of aldehydes 
High temperature thiolation of olefins Isomérisation of butenes
Amb 15/1010 
Amb 15 Amb 15 
Amb 15 Amb 15/1010 Amb 15 
Amb 15 Amb 15
198
199
2 0 0  
2 0 1  
2 0 2203
204205
Condensation reaction of styrene 
with formaldehyde Amb 15 206
Support for hydroformylation catalysts Hydrolysis of diethyl ether 
Nitration of benzene derivatives Isomérisation of hexanes 
Dehydration of ethanol
Amb 15/1010 
Amb 15 
Amb 15 Amb 15 Amb 15
207208
209
2 1 0  
2 1 1
Ring closure of diphenylpropanediones to flavones Amb 15 2 1 2
Manufacture of MTBE 
Carbonylation of methanol Acylation of primary amines
Amb 15 
Amb 15 Amb 15
213
214215
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The major disadvantage of polystyrene based strong acid 
resins is that desulphonation occurs at temperatures of the order 
of 140“C and is rapid at those exceeding 160“C. Consequently the 
commercialisation of the thermally stable superacid polymer 
Nafion^i^j’217 ^^s met with considerable interest. The concept of 
superacidity introduced by Olah in 1967^18 is based on the 
measurement of the Hammett acidity function Hq ^^^ using an 
appropriate base such as nitroaniline. The value of Hq is 
calculated from the expression:
Ho = PKb h *^ -log [BH+/B]
where p Kb h"*^ is the dissociation constant of the conjugate acid 
(BH+) and BH+/B is the ionisation ratio which can be measured by 
both UV and NMR spectroscopic techniques. One hundred per cent 
sulphuric acid has a Hq of -11.9, consequently systems having 
higher negative values were categorised as superacids219“222^
The structure of Nafion consists of tetrafluoroethylene units 
copolymerised with perfluorosulphonyl ethoxyvinylether groups 
(Fig.10). As a result a polymeric sulphonic acid is formed with
Fig-10 Structure of Nafion
(OCFjCf) ^  OCFjCFjSOî OH
CF,
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its Hq value between - 1 1  and - 1 3 2 2 3  being derived from the 
strongly electron withdrawing nature of the polymeric backbone. 
The latter is also responsible for two further important 
properties of Nafion. Firstly, Nafion possesses a thermal 
stability similar to TEFLON, and can be used at temperatures 
approaching 175“C. Between 180 and 190°C, Nafion powder in the 
acid form tends to flow and fuse together and above 210“ C 
desulphonation is o b s e r v e d 2 2 4 ,
Nafion has been used for a variety of electrophilic processes 
in both acidic and partially metal exchanged forms and both of 
these areas have been well reviewed^^S, 226^ More recent 
applications are shown in Table 6 .
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Table 6 : Some Recent Applications of Nation.
Transformation Ref.
Mercury (II) promoted azeotropic nitration of aromatics 227
t-Butylation of aromatics with 2,6 -di(t~butyl)-p-cresol 228
Friedel-Crafts benzylation of benzene 229
Condensation of acetophenones to give mesitylenes 23 0
Hydrolysis of triphenylmethylfluoride to its alcohol 231
Ring closure of 2 ,2 '-dihydroxybiphenyls to dibenzofurans 232
Carbométhoxylation of propene 233
Polymerisation of siloxanes 234
Conversion of phosphites to phosphate nucleotides 235
Synthesis of novel cyclohexylurethanes 23 6
Alkylation of phenol with C9/12 olefins 237
Catalytic alkylation of phenol with methanol 238
Gas phase hydration of propene 239
Nitration of aromatic compounds 240
Polymerisation of new styrene oligomers 241
Generation of acrolein from its acetal 242
Preparation of alkylpyridazines as intermediates for 
herbicides 243
Dehydration of tetraspiranes to bispropellanes 244
Recent review of Nafion chemistry(Japanese) 245
Preparation of coatings solutions from silanols 246
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1.7 Polymer Supported Lewis Acids
The industrial requirement for more active acid catalysts has 
led to widespread attempts to synthesise polymer supported Lewis 
acids. The earliest studies involved the impregnation of a 
polystyrene resin with aluminium chloride in a suitable solvent 
such that when the latter is removed, a tightly bound complex of 
insoluble polymer and Lewis acid was produced^*?. The polymers 
were subsequently used in the preparation of ethers^*?^ esters^^B 
and a c e t a l s 2 4 9 .  however in more demanding reactions such as the 
alkylation of benzene very poor catalytic activity was 
observed^SO. The replacement of aluminium chloride with the 
bromide in the presence of phosphorous tribromide was found to 
give a superior catalyst which was four times more active than 
commercial sulphonic acid r e s i n s ^ S l .  in this case it is assumed 
that the active group is a polymer bound diphenylbromophosphine 
aluminium bromide complex.
The Yugoslavians Sket and Zupan have succeeded in preparing 
some polymer bound boron trifluoride derivatives by a solution 
technique involving the use of the stable complex BF3 -Et2 0 ^®2 , 
The resins were used to catalyse the conversions of aromatic 
aldehydes, ketones and acids with alcohols to give the 
corresponding acetals, cyclic ketals and esters. When
polystyrene resins were used in the preparation of the catalyst 
very low loadings of the Lewis acid were found (0.11% boron); 
however a ten fold improvement was achieved by replacing some of 
the benzene rings with pyridine rings, as in the copolymer of
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poly(styrene~4”vinylpyridine). Other researchers have prepared 
similar catalysts to isomerise alkanes and rearrange epoxides^SS^
More recently a number of groups of Chinese workers have 
reported the preparations of polystyrene supported titanium 
t e t r a c h l o r i d e 2 5 4 , 2 5 5 ^  gallium t r i c h l o r i d e 2 5 6  and antimony
pentachloride257. The complexation of gallium chloride with Nylon 
6258 has been shown to modify the solubility and thermal 
properties of the polymer, in fact the glass transition 
temperature was lowered by 50“C, potentially allowing more 
convenient processing. It can be seen that this may provide a 
further route to polymer supported Lewis acids.
Maximium acidity can be obtained by the combination of Lewis 
acid sites and Bronsted acid sites. Therefore supported 
superacids are obtained by the reaction of Lewis acids with 
silicas259, metal o x i d e s 2 6 0 , 2 6 1  and strong acid exchange 
resins2 G2 , in the latter case, aluminium chloride in the gas 
phase was allowed to react with the sulphonic acid groups of the 
macroreticular resin Amberlyst 15. Hydrogen chloride gas was 
evolved during the preparation and the Al/Cl and Al/S ratios in 
the most active catalysts were 1 : 2  in both cases, consequently the 
active species were suggested to be combinations of the following
species2G3^
O H  Cl
1 I I II /r-\ 1H - C - y  7 - S - 0 - A I - 0 - S - < /  V - C - H1 \=y 11 I II \s=y I (1)
Cl
Cl
H-C"('^ ')-S-0-AI “ 0 -S-v ^ ^ C - H
Cl O H
(2)
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Whilst the prepared resins were slightly active in the 
isomérisation of n-butane, a ten fold increase in reactivity was 
observed if hydrogen chloride was used as a co-catalyst264. 
Furthermore a mixture of HCl and aluminium chloride was found to 
be unreactive, therefore the superacidity was attributed to H 2 *^ C1  
groups derived from absorption of HCl onto the pendant functional 
groups of structures (1 ) and (2 ) , with the negative charge 
delocalised over the oxyhalide-sulphonate system.
Similar work involving boron trifluoride has resulted in rare 
industrial a p p l i c a t i o n s 2 G 5 , 2 6 6 _  studies in another laboratory 
showed that the catalytic activity of the reacted Lewis acids 
decreased in the o r d e r 2 6 7 ^
AlBrg > AICI3 > SbFs > BF3
The main disadvantage of supported superacids (regardless of 
support type) is that of catalyst deactivation. It was found that 
above temperatures of 60*C, elimination of hydrogen halides takes 
place rendering the catalysts i n a c t i v e ^ G S ,  Even when the 
superacids are used with a steady stream of hydrogen halide gas as 
co-catalyst, gradual deactivation is observed, with those 
containing aluminium chloride and fluorine representing the most 
stable and unstable cases respectively. The main implication of 
this problem is that industrialists are unwilling to adapt such 
processes until the stability of the catalysts can be 
demonstrated,
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1.8 Polymer Supported Base Catalysts.
The most widely used polymer supported base catalysts are the 
hydroxide form anion exchange resins. The properties of those 
most widely used are shown in Table 7. It can be seen that basic 
resins, like their acidic counterparts are usually based upon 
poly(styrene-divinylbenzene), and are functionalised with the 
quarternary trimethylammonium group and the tertiary 
dimethylammonium group to give strong and weakly basic resins 
respectively.
Once more, like their acidic analogues both gel type and 
macroporous resins are available with macroreticular resins 
designed specifically for non-aqueous catalysis. The major 
limitation of polymer supported bases is their instability, both 
to aerial oxidation yielding carbonates, and to Hofmann 
elimination of the functional amine at temperatures in excess of 
50“C. In practice all polymer supported bases are only 
commercially available in the more stable chloride form and have 
to be subsequently converted to the hydroxide form. Consequently 
the catalytic utilisation of polymer supported basic catalysts is 
limited to low temperature applications. Nevertheless a vast 
literature has been accrued, and some examples of gel and 
macroporous base catalysed conversions in organic chemistry are 
summarised in Tables 8  and 9 respectively.
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Table 8  : Organic Reactions Catalysed by Gel Type Polymer 
Supported Base Catalysts
Synthetic Application Catalyst Ref.
Sulfosalicylaldehyde modified catalyst 
for racémisation of amino acids with copper IRA 400, 410 269
Continuous hydration of isoamyl acetate 
Thioamidation catalysts
IRA
IRA
400
401, 402
270
271
Reversible glycide éthérification with 
acrylonitrile IRA 400 272
Estérification of aromatic carboxylic acids 
with epichlorohydrin IRA 400 273
Estérification of acrylic acid by 
chloroethyl vinyl ether IRA 400 274
Cyanoethylation of cyclohexanol IRA 401, 410 275
Hydration of acrylonitrile to ethylene 
cyanohydrin IRA 400 276
Estérification of sodium phenoxyacetates 
with phenacyl bromide IRA 400 277
Reaction of butynediol with ethylene oxide 
Aldol condensation of citral with acetone 
Isomérisation of glucose
IRA
IRA
IRA
400
400
401
278
279
280
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Table 9 : Organic Reactions Catalysed by Macroreticular PS-Bases
Synthetic Application Catalyst Ref
Thiolation of unsaturated compounds Amb 2 1 281
Reaction of thiocyanate with alkyl halides Amb 26 282
Disproportionation catalyst Amb 2 1 283
Alkenylation and Michael addition catalyst Amb 26, 27 284
Carbonylation of amines to formamides Amb 26 285
Déacylation of protected glycerides Amb 26 286
Transestérification of dialkylcarbonate
with alkyl halides Amb 2 1 287
Disproportionation of chlorosilane Amb 26 288
Cyanoethylation of hydrogen cyanide Amb 27 289
Conversion of alkylmercaptans to
polysulfides Amb 2 1 ,26 290
Redistribution of silanes Amb 2 1 ,26 291
Estérification of benzylbromide Amb 26 292
Manufacture of hydroxyterephthalate Amb 2 1 293
Thioamidation catalyst Amb 26, 27 272
Michael addition in manufacture
of (alkylthio)aldehydes Amb 2 1 294
Self condensation of formaldehyde Amb 27 295
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One possible solution to the problem of the poor thermal 
stability of base resins is to use a different support. 
Mulholland and his co-workers296 prepared a series of quarternary 
ammonium hydroxide resins by the condensation of functionalised 
pyridines with a Merrifield resin. These were subsequently used 
in nucleophilic labelling reactions with and ^^C at
temperatures in excess of 1 0 0 “C.
NMe,
500
CH,CI
NMe,
An alternative approach is the synthesis of stronger bases 
such as polymer supported organometallics. Routes to polymer 
supported lithium derivatives have been discussed previously (page 
30) .
1-9 Other Polvmer Supported Catalvst Svstems of Interest
1-9-1 Polymer Supported Metals
A number of polymer supported metal derivatives have been 
prepared in recent years. For example, polymer supported tin 
hydride catalysts have been studied as potential environmentally 
friendly reducing agents^^?, their method of synthesis typically
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involving bromination, lithiation and metal-exchange steps. One 
of the problems with systems where alkyltin groups are bound to 
phenyl rings is that of catalyst stability. This is due to the 
susceptibility of the aryl stannyl group to electrophilic 
substitution. Consequently Neumann and his co-workers298 prepared 
catalysts where the alkyl tin groups were separated from the 
phenyl centres by two methylene spacer groups. This approach also 
has the further advantage of rendering the catalytic sites more 
accessible. More recently, Bergbeiter and Walker299 prepared 
soluble linear, polyethylene and polystyrene bound alkyltin 
halides by anionic oligomerisation of the monomers with n- 
butyllithium, followed by treatment of the living polymer with di- 
n-butyltin dichloride at -78“C.
•L- n-BuLi Bu2 SnCl2
J / — ►  — >•
' ^  L, Sn(Bu)jCI
The polymers prepared were found to be effective co-catalysts with 
crown ethers in the reduction of aryl halides to the corresponding 
hydrocarbons.
An alternative route to polymer bound tin chlorides is 
provided by N e w c o m b 3 0 0 - 3 0 2  ; h^o bound Lewis acidic tin atoms in 
soluble macrocyclic and macrobicyclic compounds as hosts for 
anionic guests. Binding properties and the structure of the 
moieties were studied by l^^Sn NMR spectroscopy. Other metalated
Chapter One ; Page 52
functional polymeric intermediates include those containing highly 
reactive copper^®^, p a l l a d i u m ( o ) a n d  chiral Schiff base zinc 
complexes305. Frechet and his c o - w o r k e r s ^ O S  have succeeded in
preparing the first reported example of an insoluble polymer 
supported Grignard reagent using the versatile magnesium- 
anthracene/THF complex^O? which reduces problematic coupling side 
reactions and solubility difficulties which hindered earlier 
attempts.
Mg. 3 THF
Mg__
THF CHXI CHgMgCI
1.9.2 Polymer Supported Transition Metal Complex Catalysts
The initial drive towards this field of chemistry was 
provided by the significant economic savings promised by the use 
of supported catalysts in processes such as alkene hydrogenation 
and hydroformylation. Consequently in the late 1960's weakly 
basic anion exchange resins containing PR3 and NR 3 groups were 
developed specifically to bind transition metal complexes^®®. 
Since this time a large number of articles have appeared in the 
literature and the reader is directed to a number of excellent 
review papers^®^”^^^. In the following text some features and 
advantages of polymer supported transition metal catalysts are 
discussed.
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Polymer supported transition metal catalysts have been used 
to prevent the deactivation of reactive species by dimerising and 
agglomeration. For example the carbonylation of allyl chloride 
was catalysed by PdECNHg)^]^ 313,314,
gQ  0 - S O 2O-
At low catalyst concentrations the homogeneous and supported 
catalysts had the same specific activity (in moles of product per 
gram of catalyst in unit time) , however when the catalyst 
concentration was increased the former became less effective 
whilst the supported catalyst retained its specific activity. It 
was suggested that the homogeneous catalyst aggregates to an 
inactive complex at high concentrations probably due to solubility 
limitations which are absent in the heterogeneous system.
Grubbs and his co-workers^lS provided an excellent example of 
the ability of a polymer to stabilise reactive co-ordinatively 
unsaturated metallic sites. In the reduction of titanocene 
dichloride bound to 2 0 % cross-linked polystyrene, a reactive 
titanocene species was formed which was known to dimerise to an 
inactive complex in the free state. This species was found to be 
more active in olefin hydrogenation than its homogeneous 
analogue by factors in the range 25-120 depending on the olefin. 
Similar results were obtained for cyclopentadienyltitanium 
trichloride^^®, where x-ray fluorescence spectroscopy indicated 
that a uniform radial distribution of titanium existed throughout 
the bead.
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1.9.3 Polymer Supported Phase Transfer Catalysts
Phase transfer catalysis (PTC) describes the reaction between 
reagents in separate immiscible phases which is catalysed by a 
substance capable of transporting one reagent into the other phase 
or to the interface between them. Examples of early reactions 
include the use of tetra-N-butylammonium ion in the nucleophilic 
substitution by aqueous cyanide ion of l-chlorooctane^l^, since 
this ■time many hundreds of other applications have been found for 
the technique and several books have been published318,319.
It is of no surprise that the same reactions described above 
are catalysed by polymer bound onium salts and p o l y e t h e r s 3 2 0 , 3 2 1 .  
Typical applications include the Baeyer-Villeger oxidation of 
ketones322, asymmetric synthesis of oxiranes^23^ and the 
regioselective addition of oxirane to active e s t e r s ^ 2 4 .  The 
polymer supported catalysts themselves can be sub-divided into 
supported onium salts^25,326^ supported crown ethers and 
cryptands327f32B and even supported solvent s y s t e m s ^ 2 9 .  More 
recently commercially available anion exchange resins have been 
used in conjunction with unconventional(ultrasonic) means of 
agitation330. The advantages and mechanisms of polymer supported 
PTC has been well reviewed elsewhere and the reader is directed to 
these331"333 f ,
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1.10 Polymer Supported Catalysts in Radiochemistry
It is surprising that polymer supported catalysts have not 
been used extensively in the radiochemical area. A number of 
authors334,335 have used crown ethers for the preparation of 
compounds labelled with Maeda and his co-workers^^® utilised
polymer supported phosphonates to catalyse radio-iodine exchange 
between alkyl iodides and Na^^^I. More recently Mulholland^S® 
adapted quarternary ammonium resins in nucleophilic radiolabelling 
reactions with ^^F (fluoride) and ^^C (cyanide). Of interest here 
was the use of a thermally stable polymer supported anion exchange 
resin which may show potential in its hydroxide form.
In the field of hydrogen isotope exchange the literature is 
scarce, the most noteworthy of which is a note by Davis^^? 
describing crown ether catalysed deuterium exchange in the 
synthesis of benzyl cyanides. Consequently the work presented in 
this thesis represents the first application of polymer supported 
acid, Lewis acid and basic catalysts in the tritiation of organic 
compounds. Of the other types of polymer supported catalyst 
known, it was considered that a polymer supported metal catalyst 
would not offer advantages over the existing heterogeneous systems 
(pre-reduced Pt0 2 ) and in the case of polymer bound transition 
metal catalysts insufficient time precluded any experimental work. 
However it is considered that a polymer supported rhodium 
trichloride catalyst would offer significant advantages over the
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existing homogeneous system such as those of facile catalyst 
separation and product work-up. Furthermore the concentration of 
the polar tritiated water isotope source within the polymer may 
lead to higher specific activities being attained although of 
course this view is currently speculative.
Chapter 2 : Hydrogen Exchange Using Polymer Supported
Acid Catalysts
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2.1 Introduction
2.1.1 Summary
This chapter details the use of the Nafion acid catalyst in 
the tritiation of a wide range of organic substrates including 
simple aromatics (2.2), pyridine derivatives (2.3), quinoline 
derivatives (2.4) and other heterocyclic compounds (2.5). Where 
relevant, the labelling reaction was repeated with the catalyst's 
homogeneous analogue trifluoromethanesulphonic acid (triflic acid) 
and the results were compared. The latter has been shown to be 
the second strongest monobasic acid known338,339 and it has 
several advantages as a homogeneous catalyst including high 
boiling point (162°C), good solvent properties, high acidity and 
only one exchangeable proton. Furthermore it does not possess 
oxidising and sulphonation properties as in the case of sulphuric 
acid.
In section 2 . 6  attempts at the tritiation of a variety of 
compounds of specific interest to the project sponsors are 
summarised.
The use of other polymer supported acid catalysts is detailed 
in section 2.7 along with a comparison of all the catalysts, 
including Nafion, in the deuteriation of 1,4-dimethoxybenzene.
Finally all the sections are discussed collectively in 
section 2 . 8
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2.1.2. Experimental
Reagents
Nafion NR50 beads (Aldrich Chemical Co.) were washed with 
successive portions of 3N hydrochloric acid at 70“C for 2 hours to 
ensure complete conversion to the acid form^O^ and dried over P2 O5  
at 50°C under high vacuum (cO.lmmHg) for 24 hours. This procedure 
was repeated for Dowex 50W-X8, Amberlyst 15 and Amberlyst XNlOlO 
respectively.
Trifluoromethanesulphonic acid was obtained from Aldrich 
Chemical Co. and used without further purification. Pyridine, 
quinoline, collidine, 1,4-dioxan and anisole were purified by the 
appropriate distillation procedure. Phenol and 1,4-
phenylenediamine were recrystallised from ethanol and ethanol- 
water respectively.
In a typical reaction, substrate (10-50mg), solvent (0.1- 
0.5ml) if necessary and polymer supported catalyst (20-100mg) were 
placed into a thick walled (5mm o/d) pyrex tube and tritiated 
water of the appropriate specific activity was added by the use of 
a Hamilton syringe. The tube was then evacuated, flame sealed 
and heated in a thermostat under the appropriate conditions. At 
the end of the heating period the cooled tube was cut open and the 
catalyst removed by filtration. The filtrate was taken into 
diethyl ether (1 0 ml) (or chloroform), washed with cold water 
(3 X 10ml) to remove labile tritium, and finally dried over 
anhydrous magnesium sulphate. The drying agent was filtered off 
and the tritiated material was obtained by removal of the solvent
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by rotary evaporation, or in the case of volatile liquids by slow 
evaporation under a steady stream of dry nitrogen gas.
The total radioactivity incorporated into the substrate was 
determined by liquid scintillation counting. Typically the 
labelled compound was dissolved in methanol (2 0 ml) and an 
accurately known aliquot was injected into a suitable volume of a 
scintillator cocktail, usually a 0.4% w/v solution of 2,6- 
diphenyloxazole (PPO) in toluene. The latter was then counted in 
polypropylene vials using a Beckmann LS 1800 Liquid Scintillation 
Counter calibrated for accurate DPM (disintegrations per minute) 
measurement. The combination of the total radioactivity of the 
product and the weight isolated allows an estimate of the specific 
activity of the product to be made. In the case of liquids, 
selected compounds were further analysed by radio-gas 
chromatography using a Carlo Erba 4200 instrument equipped with a 
polarised ion chamber. The mode of operation of this detector 
has been described elsewhere^^O, in the case of solid compounds 
selected examples were analysed for radiopurity by radio thin 
layer chromatography using a Berthold LS 200 Scanner.
In all of the cases where the extent of incorporation was 
sufficient the labelled substrate was analysed by nmr
spectroscopy using a Bruker AC300 FT Spectrometer operating at 
320MHz with broad band decoupling.
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2-2 Tritiation of Aromatic Compounds over Nafion NR50
2.2.1 Results
The aromatic compounds studied are shown in Fig.11. For 
convenience levels of isotope incorporation are categorised in 
Table 10 and listed in Table 11 along with the corresponding 
experimental conditions. Tritium NMR data and the observed 
patterns of labelling of relevant examples are shown in Table 12.
and nmr spectra of tritiated toluene, o-toluidine and p- 
toluidine are shown in Figs 12-14 respectively. A comparision of 
Nafion and trifluoromethanesulphonic acid (triflic acid) in the 
tritiation of toluene and chlorobenzene is shown in Table 13.
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Fig 11 : Aromatic Compounds Tritiated over Nafion
:0 é»d
Compound R
No.
I a = CH3
II a = n-propyl
III a = CH3 , b = NH 2
IV a = CH3 , d = NH 2
V a = NH 2 , d = NH 2
VI a = OH, b = OH, d = CH3
VII a = CO2 H, c = OCH 3 , d == OH
VIII a = CO2 H
IX a = CO2 H, b = Cl
X a = CO2 H, c = Cl
XI a = Cl
XII a = Br, b = Cl
XIII a = NO2
XIV a = NO 2 , b = Br
Table 10 : Categorisation of Tritium Incorporations
Labelling Tritium Incorp.
Category (% of pool)
A 2 - 1 0
B 0.5-2
C <0.5
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Table 11 Experimental Conditions for Labelling of Aromatic 
Substrates over Nafion^
Compound Amount Solvent Time Labelling Radiopurit)
Number (mg) (ml) (d) Category (%)b
I 360 — — — — 2 B >95
II 173 — — —— 4 B >95
III 2 0 0 4 A >95
IV 190 — — — — 3 A ————
V 1 1 0 dioxan (.5) 3 A
VI 80 “ —— 4 A ————
VII 15 4 A ----
VIIIC 44 dioxan (.2 ) 5 B —*--
IXC 39 dioxan (.2 ) 5 B ----
XC 39 dioxan (.2 ) 5 B ————
Xld
Xlic 39 dioxan (.2 ) 5 B ————
XIIlC 234 — 5 B
XIVC 71 dioxan (.2 ) 5 B ————
a : All using 3.8Ci/ml HTO, 5ijl1 with Nafion NR50 beads (50mg) 
heated at 100°C. 
b ; Radio-GC ; Column 10% OVl on Chromosorb at 130°C ; Flow 
rate 40ml/min. 
c : HTO 3.8Ci/ml, lOjUl. 
d : See Table 13, page 67.
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Table 12 : Tritium NMR Data of Labelled Aromatic Compounds^
Compound
Number
Structure Chemical Assignment Distribution 
Shift (%)
(ppm)
II
III
wPr
6 2
4
CH.NHj
3
7.15
6.29
6.53
2,6
4
overlapping
43
57
CH.
IV
V
VI
NHg
NHg:0:NHg
OH
o r "CH,
6.42
6.41
6.75
6.70
6.49
3,5 100
2 ,3 ,5,6 100
33
34 
33
VII
COOH
5'<:^0CH3
OH
7.69
7.10
2,6
5
38
62
a : All spectra run on an AC Bruker 300 Nmr spectrometer in d$ 
-dmso using TMS as internal standard.
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7PPM
Fig.12 NMR spectra of toluene tritiated over Nafion 
Above ; nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
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5PPM
Fig.13 NMR spectra of o-toluidine tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
5PPM
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— Î—5PPM
Fig-14 NMR spectra of p-toluidine tritiated over Nafion 
Above : rmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
3 25 4G?89 PPM
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Table 13 Comparison of Nafion with Triflic Acid
Compound Amount Catalyst & mmol Temp, Time S.A.b T.AJ
(mmol) Weight^ (mg) H+ (°C) (d) (mci/ (mci)
mmol)
Toluene^ 9.4 T 6 8 0.45 90 4 9.4 88.4
Toluene^ 9.4 N 504 0.45 90 4 5.2 48.5
Chlorobenzene® 2 .1 T 500 3.33 90 4 __f ---
Chlorobenzene® 2 . 1 N 26 0.18 180 9 5.5 1 . 8
a
b
c
d
e
N=Nafion, T=triflic acid.
S.A. = Specific activity 
T.A. = Total activity
Competitive runs using HTO lOCi ml~^, 10/xl. 
Runs using HTO 3.8Ci ml”^, 10^1
f : No aromatics recovered, orange residue isolated
2.3 Superacid Catalvsed Tritiation of Pyridine Derivatives
2.3.1 Results
The pyridine derivatives studied are shown in Fig 15. 
Experimental conditions for the tritiation of the compounds by 
both triflic acid and Nafion are collated in Table 14, and tritium 
distributions and NMR data are presented in Table 15. 
Selected and NMR spectra shown in Figs 16-2 0 include
collidine, 2 -ethylpyridine and pyridine-n-oxide tritiated over 
Nafion and 2-phenylpyridine and 2-hydroxypyridine labelled in
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triflic acid respectively. The variation of the regiospecificity 
of labelling with acid concentration for the triflic acid 
catalysed tritiation of collidine is shown in Table 16. A radio­
gas chromatogram of tritiated collidine is shown in Fig,21.
Fig 15 : Pyridine Derivatives Labelled over Nafion and Triflic
Acid.
R
Compound No. R
XV a-e = H
XVI a = CHg
XVII b = CH 3
XVIII c = CH 3
XIX a,e = CH3
XX a , c ,e = CH3
XXI a = Et
XXII b = n-Bu
XXIII a = OH
XXIV a = OMe
XXV c = NH 2
XXVI c = NMeg
XXVII c = Ph
XXVIII a — Ph
XXIX a-e = H, N-
XXX b = CH2 OH
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Table 14 : Tritiation of Pyridines : Experimental Conditions^
Entry Compound
Number
Weight
(mg)
Catalyst 
& amount^
Temp.
(°C)
Time
(d)
S.A.
(mCi/
mmol)
T.A.
(mCi)
1 XV 98.2 N 2 0 140 13 <0 . 2 < 0 . 1
2 XVI 183.6 N 2 0 180 4 13.4 2 . 0
3 XVI 186.3 T 0.5 180 4 5.9 1 . 8
4 XVII 298.6 N 2 0 180 5 4.8 1.5
5 XVII 191.4 T 0 . 2 180 4 <0.3 <0.3
6 XVIII 184.0 N 2 0 180 4 8.5 1.4
7 XVIII 191.4 T 0 . 2 180 4 2 . 0 0.3
8 XIX 184.0 N 2 0 180 4 1 0 . 8 1 . 1
9 XIX 184.0 T 0 . 2 180 4 6 . 0 0.4
1 0 XX 183.4 N 2 0 140 16 9.2 1 . 1
lic XX 366.8 N 2 0 180 5 15.9 48.0
1 2 XX 183.2 T 0 . 2 140 8 0 . 8 1 . 0
13 XXI 294.2 N 0 . 2 180 5 4.5 3.4
14 XXI 294.2 T 0.4 180 5 1.7 0.4
15 XXII 298.6 N 2 0 180 9 < 0 . 1 < 0 . 1
16 XXII 298.6 T 0.3 180 9 < 0 . 1 < 0 . 1l?d XXIII 95.5 N 2 0 140 16 2.9 0.4
18 XXIII 123 T 1 . 0 140 28 0 . 6 7.4
19® XXIV 207.6 N 2 0 180 4 — — ---
2 0 XXV 73.0 N 2 0 180 4 2 . 6 0 .7
2 lf XXVI 59.2 N 2 0 180 4 2 . 6 0.3
2 2 f XXVII 68.5 N 2 0 180 4 3.9 1 . 2
23 XXVII 54.5 T 0 . 2 140 14 39.9 8.7
24 XXVIII 217.2 N 2 0 180 8 < 0 . 1 < 0 . 1
25 XVIII 108.6 T 0 . 1 140 8 17.5 5.2
26 XXIX 81.1 N 2 0 180 4 1 2 . 2 6.5
27 XXX 224.8 N 2 0 180 4 6 . 1 7.9
a : Using HTO 5Ci ml"l, lOjLtl unless otherwise stated 
b : N = Nafion (mg), T = triflic acid (ml) 
c ; HTO 50Ci ml“l, 2^1
d : Solvent l-methylpyrrolidin-2-one (this also labelled in the
2 -position)
e : Compound demethylated (shown to occur at temperatures as low 
as 90°C)
f : Conducted in DMF (product isolated by precipitation into 
petroleum ether 40-60°C).
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Table 15 : NMR Data of Tritiated Pyridines®
Run Compound Structure 
No.
Chem.
Shift
(ppm)
Assignment Distribution
(%)
2 XVI
XVI
<>'Me
2.47
2.46
7.31
methyl
methyl
3
100
96
4
4 XVII
6,7 XVIII
8,9 XIX
10 XX
11 XX
12 XX
Me
Me
N
i T ^Meli ^ M e
Me
Mek^^^ Me
2.29
8.39
2.36
2.46
2.38
2.07
2.37
2.06
2.36
2.06
methyl
2,6
methyl
methyl
methyl 2 , 6  
methyl4
methyl 2 , 6  
methyl 4
methyl 2 , 6  
methyl 4
84
16
100
100
70
30
40
60
52
48
13,14 XXI
17,18 XXIII
CH,Me
O ' OH
2.73
6.38
6.22
methylene 100
50
50
Chapter 2 : Page 71
Table 15 (cont) : NMR data of Tritiated Pyridines
Run Compound Structure 
No.
Chem.
Shift
(ppm)
Assignment Distribution
(%)
20 XXV
21 XXVI
NHg5 ^ ^ 3
NMej
'O'
8.07
6.59
6.65
2,6
3,5
3,5
80
20
100
22 XXVII
23 XXVII
8.76
7.88
7.61
7.57
2,6
2 ',6 ' 
3* ,5* 
4'
100
42
58
25 XXVIII 8.24
7.59
7.56
2 ',6 ' 
3',5' 
4 '
51
38
11
26 XXIX
27 XXX
tO
,o.CH,OH
8.39
8.65
8.52
2,6 100
58
42
a: All spectra run in dg-DMSO and ghost referenced to ^H-TMS
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~1-------!-6 5PPM
Fig.16 NMR spectra of collidine tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
PPM
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5PPM
Fig.17 NMR spectra of 2-ethylpyridine tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
5PPM
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PPM
Fig.18 NMR spectra of pyridine-n-oxide tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
PPM
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9 78PPM
Fig.19 NMR spectra of 2-phenylpyridine tritiated in triflic 
acid
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
8PPM
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- I --------------------------------------------------------------r-B 7PPM
Fig-20 NMR spectra of 2-hydroxypyridine tritiated in triflic 
acid
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
8 7PPM
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Table 16 Variation of Regiospecificity of Tritium Labelling with 
Triflic Acid Concentration in the Triflic Acid
Catalysed Tritiation of Collidine at 180°C.
Triflic Acid Triflic Acid : Positions
Concn (mol dm-3) Collidine (molar ratio) Labelled %
5.65 1.50 ; 1 Methyl (2, 6 ) (52)
Methyl ( 4) (48)
10.75 29.75 : 1 3,5 (1 0 0 )
Fig. 21 Radio-Gas Chromatogram of ^H-collidine (run 10)
60
SO -
40 -
30 -
20 -
10 -
TFmi
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2.4 Superacid Catalvsed Tritiation of Quinoline Derivatives
2.4.1 Results
The quinoline derivatives studied are shown in Fig.22. The 
measured tritium incorporations and observed tritium distributions 
of the labelled compounds are shown in Tables 17 and 18 
respectively. Selected and NMR spectra of appropriate 
quinoline derivatives are shown in Figs 23-28 respectively. The 
radio thin-layer chromatogram recorded for the material isolated 
from the tritiation of 6 -methoxyquinoline (XXXV, run 42) is shown 
in Fig.29 and the corresponding radiopurity data is presented in 
Table 19.
Fig.22 : Quinoline Derivatives Tritiated by Superacid Catalysts
Compound No. R
XXXI
XXXII
XXXIII
XXXIV
XXXV
XXXVI
XXXVII
XXXVIII
a-g = H 
b = NHg 
b = Br 
e = NOg 
e = OMe 
a = Methyl 
c = Methyl 
a,c = Methyl
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Table 17 : Tritiation of Quinolines Using Super acidic Catalysts^
Run Compound Wt Catalyst Type Temp. Time S.A. T.A.
No. (mg) & Amount^ (“C) (d) (mCi/mmol)
(mCi)
28^ XXXI 205.8 N 2 0 140 8 10.3 8.7
29^ XXXI 412.0 N 1 0 0 160 3 7.5 2.9
30® XXXI 412.0 N 300/500 160 3 ——— - -
31® XXXI 218.6 T 1 . 0 90 6 0.9 1 . 0
32® XXXI 218.6 T 1 . 0 140 5 7.1 1 2 . 0
33 XXXI 218.6 T 0.5 180 9 8.3 6 . 0
34® XXXII 149.4 T 2 . 0 140 30 1.4 1 . 1
35® XXXIII 2 1 0 . 0 N 2 0 140 36 <0.5 <0.5
36 XXXIII 130.0 T 0 . 2 180 4 27.6 17.3
37 XXXIV 48. 0 N 2 0 180 9 3.6 0.3
38 XXXIV 2 2 . 2 T 0 . 2 180 4 0.5 < 0 . 1
39 XXXIV 24.7 T 0.4 180 9 0.4 < 0 . 1
40® ! f x x x v 70.5 T 1.5 140 14 8 . 0 3.5
4ig XXXV 1 1 0 0 N 2 0 60 35 <0 . 1 < 0 . 142h XXXV 250.0 T 1 . 0 60 35 2.5 2 . 1 0
43 XXXVI 311.6 N 2 0 180 4 30.1 25.2
44 XXXVI 311.6 T 0 . 2 180 4 9.2 1 0 . 6
45 XXXVII 316.6 N 2 0 180 4 24.2 2 2 . 1
46 XXXVII 316.6 T 0.5 180 4 12.3 1 2 . 0
47 XXXVIII 75.1 N 2 0 180 4 57.2 5.5
48 XXXVIII 25.0 T 0 . 2 180 5 32.0 3.5
a ; HTO, 5Ci ml-1 . lO/Lil unless otherwise stated
b ; N = Nafion (mg) , T == triflic acid (ml)
c : HTO, 50Ci ml-1 . 2 jUl
d ; Identity of product confirmed by ^H nmr but material was
gh
red in colour
Product obtained as a red solid, sparingly soluble in DMF, 
MeOH, EtOH, MeCN, CHCI3 and DMSO. nmr gave complex and
broad aromatic signals.
No nmr signal corresponding to -OCH3 . signals at
58.2, 7.6, 7.5 and 7.4ppm respectively.
Substrate shown to be stable under reaction conditions 
Complex aromatic region of nmr spectrum includes broad 
signal at 511.2ppm.
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Table 18 : Tritium NMR Data of Labelled Quinoline Derivatives
Run Compound Structure Solvent Chem. Assignment (%)
No. Shift
(ppm)
28,29 XXXI 5
3
CDCI3 7.21 3 1 0 0
31
)
XXXI ® CDCI3 7.45
8.27
5
8
25
75
32 XXXI CDCI3 7.41 5 39
7.28 6 3
) U 8
8 . 1 2 8 58
33 XXXI
5
d 6 -DMSO 8.04 
7.69 
8 . 34
5
6  
8
43
6
51
34 XXXII 1 y CDCI3 7.72 5 26
8
A. ^ 7.43
8.07
6
8
50
24
536 XXXIII Br CDCI3 7.46 5 55
k J 7.41 6
8 8.03 8 45
37 XXXIV dg-DMSO 7.80 3 1 0 0
s.
5
42 XXXV MeOr^^^ dg-DMSO 7.23 5 57
7.43 7 43
Chapter 2 : Page 81
Table 18 (cont)
Run Compound Structure 
No.
Solvent Chem. Assignment (%) 
Shift 
(ppm)
43 XXXVI dg-DMSO
44 XXXVI dg-DMSO
2.71
7.42
8.13
7.61
7.36
7.60
7.95
8.20
Methyl
3
8
6
3
5
6 
8
75
19
6
4
15
27
54
45 XXXVII dg-DMSO
46 XXXVII
5 Me
6r^ ^ 3
dg-DMSO
2.63
8.89
7.36
7.69
7.35
7.67
8.07
8.20
Methyl
2
3
6
3
5
6 
8
94
1
4
1
15
21
34
30
47 XXXVIII dg-DMSO 2.61 2-Methyl 97
2.60 4-Methyl
7.28 3 3
48 XXXVIII dg—DMSO 7.29
7.98
7.76
7.60
8.06
21
16
14
24
25
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48 7 36 S 29 1PPM
Fig.23 NMR spectra of S-bromoquinoline tritiated in triflic 
acid
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
sPPM
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JLIL
— I—sPPM
Fig.24 NMR spectra of 6 -nitroquinoline tritiated over Nafion
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
5PPM
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JUi yv_
— 1—  sPPM
Fig.25 NMR spectra of 4-methylguinoline tritiated in triflic 
acid
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
g 3 67 3 3 24PPM
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Ilk
5PPM
Fig.26 NMR spectra of 4-methylqpiinoline tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
3PPM
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37 S 4B 6 2g 1PPM
Fig.27 NMR spectra of 2,4-dimethylqulnoline tritiated over 
triflic acid
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
3 246 S789 PPM
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JUjL
5PPM
Fig-28 NMR spectra of 2,4-dimethylquinoline tritiated over 
Nafion
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
-T-5PPM
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Fig.29 Radio-TLC Scan of ^H-G-Methoxyquinoline (Run 42)
A L.I . , • f,, . —  ■ • «•»«> t i i 1
Tcible 19 : Radiopurity data for ^H - 6 -methoxyquinoline^
Component Identity Rf % of Tritium
1 6 -methoxyquinoline 0.29 73
2 6 -hydroxyquinoline 0.14 2 2
3 Unknown 0 <5
a : Silica 30cm plates, developing solvent 
dichloromethane : ethylacetate 2 : 1 .
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2.5 Other Heterocyclic Systems Tritiated Over Nafion
2.5.1 Results
The further heterocyclic systems tritiated using the Nafion 
catalyst are shown in Fig.30 and the experimental conditions 
employed and levels of incorporation are presented in Table 20. 
Tritium NMR chemical shifts and labelling patterns of the 
tritiated compounds are presented in Table 21. The and NMR 
spectra of tritiated 2-acetyl-5-thiomethyIthiophen is shown in 
Fig.31.
Fig.30 other Heterocyclic Systems Tritiated Over Nafion 
Compound No. Substituent Structure
XXXIX a-d = H
XXXX a,d = Me, h,f = OMe
XXXXI a = COMe, d = SMe j j ^
XXXXII b = Phenyl
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Table 20 Hydrogen Exchange of Other Heterocyclic Systems 
Experimental Conditions^
Compound Amount
(mg)
Temp
(°C)
Time
(h)
S.A.
(mci/
mmol)
T.A.
(mCi)
XXXIX 55 90 24 7.14 2.00
XXXX 80 90 24 5 .7 5 b 1.61
XXXXI loc 100 5 58.0 2.32
XXXXII 55 140 100 5.05 0.95
a : Nafion 50mg, HTO 3.8Ci ml-1, 5/il.
b : HTO 5Ci ml-1, lOjLtl 
c : Solvent dioxan (0.2ml)
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Table 21 Tritium NMR Data of Labelled Heterocycles^
Compound
No.
Structure Chem.
Shift
(ppm)
Assignment Distribution
(%)
XXXIX 6.70
6.42
2,5
3,4
66
34
XXXX Meü^ JJwieN
MeO OMe
6.39
2.05
3,5
Methyl
93
7
XXXXI o, 2.46 COCH3 100
XXXXII 9.27
8.25
8.18
8.11
7.69
7.62
2
2 »
6 '
6
3 *+5 ' 
4*
25
19
12
14
19
11
a ; All spectra recorded in dg-DMSO
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I
SPPM
Fig.31 NMR spectra of 2—acetyl—5—thiomethylthiophene tritiated 
over Nafion
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
SPPM
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2 . 6  The Tritiation of Compounds of Specific Interest over
Nafion
2.6.1 Results
The various substrates studied which were of specific 
interest to the project's sponsors are shown in Table 22. In some 
cases regions of the molecule have been disguised to maintain
confidentiality. The experimental conditions and measured 
incorporations are shown in Table 23. The corresponding tritium 
distributions and tritium NMR shifts of appropriate examples are 
given in Table 24, and the and nmr spectra of tritiated
chloroquine (XXXXIII) is shown in Fig.32. The radio-thin-layer 
chromatogram of tritiated pyridoxine (XXXXVI) is shown in 
Fig.33.
2.7 Other Polymer Supported Acid Catalvsts
2.7.1 Results
The results of a competitive comparison of most major
commercially available polymer supported acid catalysts in the 
deuteriation of 1,4-dimethoxy benzene is shown in Table 25. 
Corresponding and NMR spectra of the deuteriated species
from a typical run are presented in Fig. 34. In Tables 26 and 27 
the experimental conditions, isotope incorporations and labelling 
patterns are given for a variety of substrates tritiated using 
polymer supported acid catalysts other than Nafion,
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Table 22 Compounds of Specific Interest to the Projects 
Sponsors
Compound Structure Name Feature of Interest
XXXXIII
CHjCH(CHj)jNEt2
NH
Chloroquine Difficult to label 
using AICI 3 or TFA 
(Amersham)
XXXXIV SK&F 96067
COCH,R
Competition between 
aromatic rings (SB)
XXXXV SK&F 96231 Competition between 
8 position and phenyl 
ring (SB)
XXXXVI
CH 2OH 
H 0 | < ^ C H 2 0 H
IT#
Pyridoxine Molecule forms basis 
of vitamin Bg, usually 
labelled by catalytic 
exchange with tritium 
gas (Amersham)
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Table 22 (Cont)
Compound Structure Name Feature of Interest
XXXXVII OMeOiGMeCHjOH 3,4-Dimethoxy-2 -hydroxy-methylpyridine Pyridoxine analogue -important precursor to active compounds, usually synthesised 
using ^^C. (SB)
XXXXVIII COOH CK o-Toluic acid Methyl bearing 
deactivated aromatic 
(cf picolines, SB)
XXXXIX CHO
rsr
Pyridine-3- Extent of labelling
carboxaldehyde and stability of -CHO
CN
Benzonitrile Extent of labelling 
Stability of -CN
LI Cimetidine
N: CH 2S(CHz] NHCNHCHa
NCN
B .2 Antagonist widely 
used for the treat­
ment of ulcers (SB).
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Table 23 Tritiation of Compounds of Special Interest : 
Experimental Conditions*
Compound
No.
Wt.
(mg)
Nafion
(mg)
Temp.
(°C)
Time
(h)
S.A.
(mCi/
mmol)
T.A.
(mCi)
XXXXIIlb 105 40 . 1 2 0 92 11.5 2.3XXXXIIlC 15 45 1 2 0 72 < 0 . 1 < 0 . 1XXXXIvd 36 25 1 2 0 40 157 6 . 6
XXXXV®/f 24 50 1 2 0 16 2.3 0 . 2
XXXXVI® 40 50 1 0 0 1 0 0 — g =_g
XXXXVlh 40 52 1 0 0 1 0 0 — g __g
XXXXVI® 40 50 90 8 5.49 1.24
XXXXVII®'! 51 1 0 0 90 8 <0.05 <0.05
XXXXVIII® 150 1 0 0 1 1 0 1 0 0 <0.05 <0.05
x x x x ix j 2 1 50 1 2 0 350 <0.05 <0.05Lk 290 60 1 2 0 1 0 0 <0.05 <0.05
LI 50 50 140 1 0 0 1 2 . 8 1 1.08
a
b
c
d
e
f
gh
k
1
HTO 5Ci ml"l, l O f i l  unless otherwise stated 
Labelled as molten solid 
Solvent dioxan (0.4ml)
HTO 25Ci ml-1, SjLil.
Solvent pyridine (0.3ml)
Radiolabelled material checked for chemical purity by TLC 
analysis ; plates silica ; solvent CH2 CI2 : MeOH, 9:1. 
Co-eluting with cold material (Rf=0.43).
Extensive decomposition observed by TLC (>50%)
Solvent dioxan:DMF (1:1), 0.4ml 
Decomposition of substrate monitored by
(i) TLC, plates silica; solvent CH2 Cl2 :MeOH, Rf=0.87 (parent) 
0.62 (decomposition product)
(ii) ^H NMR - appearance of third methoxy signal at 63.81ppm 
Solid residue obtained, very low purity by TLC, ^H NMR 
shows downfield aromatic signals indicative of pyridine-3- 
carboxylic acid '
^H nmr indicates no significant hydrolysis of nitrile group 
HTO 2 0Ci ml-1, 2^1; solvent pyridine 0.5ml, specific activity 
obtained using concentration determined by uv spectroscopy 
(A=238.4nm,e = 489.6 dm^ mol-1.
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Table 24 Tritium Distributions of Labelled Compounds 
of Special Interest
Compound
Number
Structure Solvent Chem. Assignment (%) 
Shift 
(ppm)
XXXXIII CH 3CH(cH2) NEtg dg-DMSO 6.53 3
Cl
NH
N'
100
XXXXIV
COCHjR
dg-benzene 2.56 CH2 100
XXXXV dc-DMSO 81.9 100
XXXXVI
CHgOH
CH
dg-DMSO 4.77
2.35
-CH2 O
CH3
21
79
LI N___, CHjS (CHj^NHCNHCH,
O c H .  a
dg-DMSO 7.47 100
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A
— 1—  5 PPM
V A
Fig.32 NMR spectra of chloroquine tritiated over Nafion 
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
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Fig. 33 Radio-TIiC of ^H-pyridoxine^
TITLE pyr icl oxi ne. pyr i d ox i ne LIN C ID.OQ 0 D-D-IB-
BSE si
a : Developing solvent EtOH;CH2 Cl2 (10:1), Rf=0.70
(Radiopurity 97% -remainder on baseline)
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Table 25 Comparison of Polymer Supported Acid Catalyst
Systems : Deuteriation of 1 ,4-Dimethoxybenzene^
Run Catalyst Surface
Area
(m2 /g)
Loading
(meq/g)
Time
(h)
%Db %D/Loading
(g/meq)
1 Nafion 0 . 8 0.9 72.0 29.9 33.2
2 Nafion 0 . 8 0.9 72.0 35.0 38.7
3 Nafion 0 . 8 0.9 144.0 62.3 69.2
4 Dowex 50W-X8 
(pre-dried)
1 0 0
mesh
4.8 72.0 40.5 8.4
5 Dowex 50W-X8 
(pre-dried)
400
mesh
4.8 72.0 63.8 13.3
6 Dowex 50W-X8 
(from bottle)
400
mesh
4.8 72.0 3.8 0 . 8
7 Amberlyst 15 45 4.3 72.0 2 1 . 0 4.9
8 Amberlyst 15 45 4.3 72.0 2 2 . 0 5.1
9 Amberlyst 1010 540 3.3 72.0 51.3 15.5
Reaction conditions, Solution A (0.50ml) heated at 100.0°C 
with catalyst (155mg)
Solution A comprises 1,4-dimethoxybenzene in dioxan-D^O
[l,4-dimethoxybenzene]total = 1.25M
[D20]total =* 5.88M
Calculated from NMR signals. Deuteriation confirmed by 
running NMR spectra at 46MHz with broad band decoupling
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J s L .
5PPM
Fig.34 NMR spectra of 1,4-dimethoxybenzene deuteriated over 
Nafion
Above : nmr of deuteriated material
Below : (proton decoupled) nmr of labelled compound
- r - --------------------------r
PPM
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Table 26 : Labelling of Organic Substrates by Cationic
Exchange Resins^
Compound
No
Structure Resin Wt
(mg)
Temp.
(”C)
Time
(h)
Total
Act.
(mCi)
Specific
Act.
(mCi/mmol)
LI I
OMe0 Dowex 275 80 2 0 25.3 9.9
I Me0 Dowex 70 1 2 0 1 0 0 0.45 0 . 2
LIII
LIV
OH
NH.
XI
XX
A
XXXI
XXXI
XIII
NO,
Dowex 70 80 16 14.7 7.7
Dowex 70 80 60 20.6 6.4
Dowex 70 120 60 6.3 2.2
Dowex 70 120 36 5.0 2.2
Dowex 70 120 60 1.6 0.62
Amb. 15 70 120 100 2.1 0.82
Dowex 70 120 300 <0.05 <0.05
a : Reaction Mixture ; Substrate (300pl), resin and HTO 
5Ci/ml, lOjLil.
Activated substrates : 80“C run.
Less activated substrates ; 120“C run.
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Table 27 : Tritium Distributions and Chemical Shifts 
of Tritiated Organic Compounds^
Compound Solvent Chem Shift 
(ppm)
Assignment Distribution 
(%)
OMe
4
Me
CDCI3
dg-DMSO
6.94
6.69
7.30
7.22
7.19
4
2,6
4
2,6
3,5
40
60
24
50
26
OH
6 2 dg-DMSO 6.80
overlapping
NH,
4
0 1
4
dg“DMSO 6 . 6 6
6.59
dg-DMSO 7.43
7.39
7.33
2,6
4
2,6
3,5
4
66
34
44
7
49
Me^jyj^Me dg-DMSO 2.342.16
Methyl (2,6) 52
Methyl (4) 48
dg-DMSO
de-DMSOC
7.48
7.47
100
100
a : (^H decoupled) nmr spectra referenced to TMS,
b : Dowex tritiated samples unless otherwise stated, 
c : Amberlyst 15 tritiated sample.
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2 . 8  Discussion
It is clear that tritiated water promoted Nafion offers a new 
route to the preparation of tritiated aromatic compounds. From 
the tritium incorporations given in Table 11 it can be seen that 
the method is particularly suited to aniline, anisole and phenolic 
derivatives. This is not surprising since conventional acid- 
catalysed hydrogen isotope exchange occurs according to the
with the Wheland intermediate formed in (i) being stabilised by 
electron releasing substituents and destabilised by electron 
withdrawing substituents respectively. Therefore, with all else 
being equal, the rate of hydrogen isotope exchange and 
consequently the observed isotopic incorporation under a given set 
of conditions will be controlled by the nature of the 
substituent(s) . In fact this is completely borne out by the 
aforementioned results.
Since acid catalysed hydrogen isotope exchange is an 
electrophilic process, the observed labelling patterns would be 
expected to be determined by the ortho-para directing influence of 
the electron releasing substituents, and also that of the halogens 
although they are moderately electron withdrawing. From the 
tritium distributions given in Table 12 it is clear that this is 
indeed the case. In the case of highly deactivated aromatic 
compounds such as nitrobenzene and benzoic acid derivatives the 
Nafion catalyst is not suitable and other labelling methods should 
be considered.
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Acid-catalysed exchange of pyridines, like nitration, 
proceeds with great difficulty due to the electron deficient 
nature of the pyridine ring, therefore the intermediate carbonium 
ions are unstable relative to those formed by benzene analogues. 
In general, hydrogen isotope exchange takes place at those 
positions most susceptible to electrophilic attack. Consequently 
whilst pyridine exchanges extremely slowly at temperatures 
exceeding 200“C, 2,6-di and 2,4,6 -trimethylpyridine label more 
readily in the 3 and 5 positions. Katritzky and c o - w o r k e r s ^ ^ l  
have shown that in deuteriosulphuric acid over the temperature 
range 18 2-222“C exchange takes place via the conjugate acid. This 
conclusion was derived from the similarity between the rates of 
exchange of 2,4,6 -trimethylpyridine and the 1,2,4,6-
tetramethylpyridinium ion respectively.
Labelling patterns observed for substituted pyridines 
tritiated in both triflic acid and over Nafion were largely 
determined by base catalysed deprotonation in acidic media. In 
these cases the label was observed either in an alkyl sidechain 
(compounds XVI-XXI) or in the position(s) adjacent to the nitrogen 
atom (compounds XXV, XXVII, XXIX and XXX) . However in some cases 
regiospecificity characteristic of electrophilic processes was 
observed (compounds XXIII, XXVII and XXVIII).
In the case of the picolines specific exchange into the methyl 
group is observed in both triflic acid and over Nafion, Evidence 
for the acid-catalysed deprotonation mechanism shown in Fig.3 5  
comes from the observation that similar regiospecificity is 
observed in the deuteriation of picolines in D 2 O at elevated 
temperatures under neutral c o n d i t i o n s 3 4 2 .
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Fig.35 Methyl exchange of picolines
0- H *
-N- ‘^ «3
H
H/O —  H
f "
0
i
CH,T
(1) T * 
M - CH,N
Hé
H 3 0
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In the latter case y 1 ides such as those shown in Fig. 3 6 were 
suggested as intermediates.
Fig.36 Ylide Intermediates in the Labelling of Picolines by D2 O
CH;
H A "
Furthermore, hydrogen exchange in pyridine has been established to 
proceed in basic media via analogous mechanisms (cf Fig.5, page 
18). It can be seen that a number of analogous mechanisms exist 
which are dependent on the acidity of the medium. Similar 
regiospecificities were observed for the corresponding triflic 
acid runs at relatively low acid concentrations and molar ratios 
of acid;pyridine of 1-1.5. When the acid concentration was 
doubled and an acid:substrate molar ratio of some 30:1 was used, 
the mechanism reverted to the classical electrophilic route and 
the label was observed specifically at the 3 and 5 positions 
(Table 16).
In the case of 3-butylpyridine (XXII) the measured 
incorporation from both Nafion and triflic acid methods was 
negligible. There appears to be no simple explanation to account 
for this observation. 2-Hydroxypyridine (XXIII) labelled to 
equal amounts in the 3 and 5 positions in both cases and this can 
readily be attributed to the fact that the substrate exists as its 
highly reactive pyridone tautomer in polar media. In the case of 
the Nafion run the solvent ( l-methylpyrrolidin-2-one) also 
labelled, in this case specifically in the 3-position ; therefore 
the efficiency of exchange was reduced.
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2 “Methoxypyridine (XXIV) was observed to undergo 
déméthylation at temperatures as low as 90“C probably giving rise
to hydroxylated species. This observation is consistent with
déméthylation of 6 -methoxyquinoline at 140“C in triflic acid which 
is attributed to oxygen protonation. In the former case the
tritiated product showed two nmr signals in the range 6 .0 -
6.5ppm and a broad signal at 11.7ppm. Both of these signals
are characteristic of pyridones the formation of which is
supported by two observations. Firstly the acid-catalysed
hydrolysis of methoxypyridines offers a synthetic route to
p y r i d o n e s 3 4 3  and secondly controlled heating of anisole over
Nafion has been shown to produce a mixture of c r e s o l s 3 4 4
An interesting labelling pattern is observed for the 
tritiation of 4-aminopyridine (XXV) over Nafion. In this case 
both a  and /3 protons exchange in the ratio 4 : 1 .  This labelling 
pattern is similar to that observed for base catalysed exchange 
where the amine was heated with Bean and his co-workers
have studied deuterium-hydrogen exchange of 4-aminopyridine in 
deuteriosulphuric acid at 107“C by monitoring the decrease of the 
signal due to the 3 and 5 protons by nmr s p e c t r o s c o p y 3 4 6
Exchange was found to be first order and it was concluded that 
exchange occured solely on the monosubstituted moiety (i) , Fig.37, 
with exchange occuring more slowly at higher acidities where 
the substrate exists as its second conjugate acid (ii).
Fig.37. Conjugate acids of 4-aminopyridine
NHg NH 3a, Q
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In the case of 4-(N,N-dimethylaiiiino)pyridine (XXVI) little 
work has been reported on acid-catalysed exchange although base 
catalysed exchange gives rise to similar labelling patterns as 
those discussed for 4-aminopyridine (XV). When labelled over 
Nafion specific 3(5) exchange is observed and this is 
characteristic of acid-catalysed exchange. Of note is the absence 
of label in the 2 (6 ) and methyl positions which would be expected 
if the mechanism involved base catalysed deprotonation
2-Phenylpyridine (XXVIII) and 4-phenylpyridine (XXVII) 
readily undergo facile hydrogen exchange in triflic acid at 140°C 
respectively. In each case the label was found only in the 
phenyl ring, and furthermore, the uniform distribution of tritium 
in the latter indicates a breakdown in the importance of 
directive substituent effects. This is probably due to the highly 
electrophilic nature of the medium and the high temperature 
employed. 2-Phenylpyridine has been nitrated in nitric-sulphuric 
acid mixtures of varying acid strength^^? and in all cases the 
pattern of nitration followed the aforementioned regiospecificity 
of labelling, that is, no nitration of the pyridine ring was 
observed.
4-Phenylpyridine was tritiated over Nafion at 180"C in 1- 
methylpyrrolidin-2-one as a solvent. No label was detected in 
the pyridine and this is accounted for by rapid labelling of the 3  
position of the solvent. When this run was repeated with no 
solvent (m/pt of 4-phenylpyridine : 71“C) specific labelling in 
the 2 and 6 positions of the pyridine ring was observed. In 
comparison deuteriation of 4-phenylpyridine at 250"C by D2Q348 
gave predominant exchange into the 2 and 6 positions with the 
remainder at positions 3 and 5 of the pyridine ring. The relative
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amounts of label in each position have been attributed to the 
relative stabilities of the 1,2 and 1,3 ylide intermediates. In 
1% w/v DCI.D2 O at 250*C the pyridinium ion is the major species 
but the OD” concentration is low, consequently exchange is slow 
and only that into the more reactive 2 (6 ) position is observed. 
At higher temperatures the conditions favour electrophilic 
exchange of the phenyl ring with the expected ortho-para 
selectivity (cf triflic acid).
In the case of the 2-phenylpyridine-Nafion system no exchange 
at all was detected even when high specific activity (50Ci/ml) 
tritiated water was used as the isotope source,
3-Pyridylcarbinol (XVI) was labelled both over Nafion and by 
neutral HTO in both positions adjacent to the nitrogen atom. In 
both cases these positions labelled to equal amounts.
Table 18 clearly shows that different labelling patterns are 
observed when quinolines are labelled in triflic acid and over 
Nafion respectively. This observation can only be accounted for 
by the fact that different mechanisms are at work in the two 
systems and it is suggested in the following discussion that the 
regiospecificity is linked directly to acidity.
Acid catalysed hydrogen exchange of quinoline in 
deuteriosulphuric acid at elevated temperatures (182-245°C) was 
studied by Bressel, Katritzky and Lea^^S over the acidity range 
pH +O.5 -D0 -9 . At 182“C only the 5, 6 and 8 protons of the 
aromatic ring exchanged, with the latter exchanging fastest and 
the remainder exchanging at similar rates. In triflic acid the 
same positions exchanged with rates decreasing in the order 8 > 5 
>> 6.
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In both triflic acid and deuteriosulphuric acid no further 
exchange is observed at 180°C. Two criteria suggest that 
electrophilic attack in the case of the 5,6 and 8 protons takes 
place on the conjugate acid species. Firstly, the slope of 
rate/acidity profiles for quinoline (0.45-0.67) and its N-oxide 
(0.34-0.42) are similar to those found for the exchange of the 3 
proton of 2,4,6 trimethylpyridine (0.66 at 182“C) which is known 
to exchange via the conjugate acid, and its N-oxide (0.33 at 202 
“C) r e s p e c t i v e l y 3 4 1 , 3 5 0 ^  Unpublished measurements by Anani and 
Forsythe on the deuterium exchange of the 1-methylquinolinium 
cation have confirmed that this is the case. Further support 
for conjugate acid attack comes from consideration of the 
activation parameters, and over the range 160-200“C these are 
again consistent with the proposed mode of electrophilic 
attack349.
In their comprehensive studies of the acid catalysed 
exchange of quinoline, Katritzky and his co-workers also found 
that at lower acidities (pH +0.5-HQ-3, 245°C) exchange of the 5,6 
and 8 protons decreased whilst that of the 2 and 3 positions 
increased. Substitution at position 3 was suggested to proceed 
through covalent hydration (at high acidities by H 2 O, at low 
acidities by OH") and it is proposed that this mechanism is also 
at work in the Nafion system where specific exchange of the 3- 
proton is observed. The proposed scheme is shown in Fig.38.
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Fig. 38 Mechanism of Tritiation of Quinoline at C-3 over Nafion
H+
+
H
DoO
slow
DnO+
1. -HDO2. -H+
fast
D+
fast
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To prove that the Nafion was responsible for the specific 
labelling in the 3 position, a blank run was carried out by 
heating tritiated water and quinoline under similar conditions. 
This showed that at pH7 quinoline specifically labels in the 2- 
position and this is consistent with the mechanism involving 
proton abstraction by 0H“ thereby forming an ylide (Fig.39)
Fig.39 Hydrogen Exchange of Quinoline Involving Ylide 
Formation and Proton Abstraction by Hydroxide
OH
—
DoO
OD
In general substituted quinolines show the same trend in the 
regiospecificity of labelling as the parent compound. Therefore 
while the most activated positions undergo exchange in triflic 
acid, over Nafion specific exchange into the 3 position is 
observed. In the case of 3-bromoquinoline no exchange was 
observed over Nafion at 140°C whereas triflic acid catalyses 
exchange into the aromatic ring. Conversely, no exchange by 
triflic acid into the deactivated aromatic ring of 6 - 
nitroquinoline was observed whereas specific exchange into the 3  
position is observed over Nafion. In the case of 6 ~ 
methoxyquinoline, déméthylation was observed at elevated 
temperatures in triflic acid.
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Complex labelling patterns were observed for the hydrogen 
exchange of methylquinolines at 180“C. In triflic acid 2 and 4- 
methylquinoline exchanged not only at the well activated 5,6 and 8  
positions but also at the less activated 3 position. In the case 
of 2,4-dimethylquinoline all the aromatic positions labelled. In 
the case of the corresponding Nafion runs the mono
methylquinolines both labelled predominantly in the methyl group 
with the remainder of the label found principally in the 3 
position, with trace amounts distributed across the aromatic ring. 
Similarly 2,4-dimethylquinoline labelled mainly in the methyl 
groups, however no further exchange other than at C3 was noted. 
This methyl group exchange in acidic media although unusual is not 
entirely unexpected. For instance in the deuteriation of 2,4,6-
t r i m e t h y T p y r i d i n e - N - o x i d e 3 5 0  ^t high acidities (Hq-S) the 3 and 5
positions of the pyridine ring are labelled with very slow 
exchange into the methyl groups. However as the acidity decreases 
exchange into the methyl group increases markedly. Exchange of 
the methyl groups in methylquinolines can be accounted for by 
deprotonation of the conjugate acids by water as shown by Fig.40.
Such mechanisms are well established in neutral342 and basic 
media^Sl but have not been reported generally in media of 
pH5 or lower. Two notable exceptions to this are provided by the 
aforementioned paper^^O and work by Kawazoe and Ohnishi352 into 
the exchange of the 2 proton of quinoline,
A control run with quinoline and trifluoroacetic acid (TFA) 
showed little incorporation under the conditions discussed above 
and this is not surprising in view of the low acidity of the 
latter. It is clear that under the conditions employed Nafion
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Fig. 40 Mechanism of Methyl Group Labelling of Quinolines over 
Nafion
H
Y
CHgT
(1) r
(2) -H+
+ H 3O
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does not provide the acidity of for example triflic acid. Thus 
whilst triflic acid catalyses exchange into the activated aromatic 
positions of quinolines, mechanisms associated with lower acidity 
namely covalent hydration and base catalysed deprotonation are 
taking place over Nafion. These processes account for specific 
ring incorporation at C-3 and methyl group exchange respectively.
Nafion has been shown to provide a strong acid medium but 
certainly not a superacidic one. This observation is consistent 
with the work of Ferry353 measured its acidity function Hq in
competition with hydrochloric acid using nitroaniline derivatives. 
It was observed that at dilute acid concentrations the difference 
between the solution and Nafion film acidity functions was 
approximately 2.5 Ho units in favour of the latter. These 
converged at about 4.5M HCl whereupon the solution acidity 
function increased steadily with increasing HCl concentration 
whereas that of the Nafion remained constant.
The results in Table 13 illustrate perhaps the main advantage 
and disadvantage of Nafion. For example while chlorobenzene 
decomposed in triflic acid at 90°C, it was labelled over Nafion to 
a reasonable specific activity at a temperature of 180°C. However 
in a competitive experiment with triflic acid in the tritiation of 
toluene where the amounts of catalyst were adjusted to give equal 
numbers of acidic groups, the latter was shown to be the more 
active catalyst by a factor of 2 ,
Chapter 2 : Page 117
Of the other heterocyclic systems studied 1-phenylpyrrole 
(XXIX) was labelled with ease in all the positions in the pyrrole 
ring. Surprisingly 1-[ 3',5'-dimethoxyphenyl]-2,5-dimethylpyrrole 
(XXXX) labelled not only in the f3 positions of the pyrrole ring 
but also in the methyl groups. No labelling of the positions 
ortho and para to the methoxy group in the aromatic ring was
observed. In the case of 2-acetyl-5-thiomethylthiophene (XXXXI) 
there is potential competition between the f3 positions of the 
thiophene ring and the methyl of the acetyl group. In practice 
the compound was labelled in the latter position. Further 
competition is provided by the respective ring systems in 4- 
phenylpyrimidine (XXXXII) and in this case the compound labelled
in both rings at all positions except the 5 position of the
pyrimidine ring which is not susceptible to electrophilic attack 
since the intermediate carbonium ion cannot be stabilised by 
resonance.
A number of compounds of specific interest to the project's 
sponsors were labelled using the Nafion catalyst with varying 
degrees of success. Chloroquine (XXXXIII) was labelled as a 
molten solid in the 3 position, characteristic of the previous 
quinoline results. However, when this was repeated using a 
solution of the compound in 1,4-dioxan, little incorporation was
observed. A possible explanation to this is that the solvent is 
interfering with the covalent hydration step in the reaction 
mechanism (Fig.38, page 55). SK&F 96067 (XXXIV) offered the 
possibility of competition between three aromatic ring systems, 
however the compound actually labelled specifically in the 
sidechain alpha to the carbonyl group. Competition between the
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anisole ring and the 8 position of the purine ring in SKF 96231 
was also a distinct possibility, however once more the compound 
was tritiated specifically, in this case in the latter position.
Pyridoxine (XXXXVI) was a candidate proposed by Amersham 
International in light of the catalyst's ability to label 
methylpyridines in the methyl group. In fact the compound did not 
only label in this position, but also in one of the hydroxymethyl 
groups. The radio-thin-layer chromatogram of the tritiated
compound shown in Fig.33 (page 42) offers evidence of the 
excellent radiopurities offered by the method. 3,4-Dimethoxy-2- 
hydroxymethylpyridine (XXXXVII) was suggested as a suitable 
analogue for pyridoxine, and in this case rapid decomposition of 
the substrate was observed under mild conditions, probably to a 
pyridone derivative. Since methylpyridines represent deactivated 
heterocyclic compounds bearing a methyl group, it was suggested 
that an aromatic analogue would be worthy of study. Consequently 
the tritiation of o-toluic acid (XXXXVIII) was attempted, however 
no significant labelling was observed.
Both pyridine-3-carboxaldehyde (XXXXIX) and benzonitrile (L) 
represented compounds with relatively acid-sensitive functional 
groups. In fact neither compound labelled significantly and in 
the case of the former oxidation to the corresponding carboxylic 
acid was observed. Surprisingly the nitrile group appeared to be 
stable under the exchange conditions. Finally the commercial 
anti-ulcerative agent cimetidine (LI) was tritiated with the label 
specifically in the 2 position of the imidazole ring. This is 
in agreement with previous work^^O.
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The results given in Table 25 (page 43) clearly show that the 
rate of deuteriation of 1 ,4-dimethoxybenzene is influenced by the 
polymer structure. For example, while only 3 0% deuteriation was 
observed over Nafion compared with 64% for the pre-dried Dowex 50 
resin using equal weights of catalyst, when the number of acid 
groups per unit mass is taken into account Nafion is clearly the 
most effective polymeric acid catalyst by a factor of 3. The fact 
that the surface area of Nafion is one of the smallest of the
catalysts used is further evidence that it is by far the most
acidic catalyst, even if it cannot be classed as a genuine
superacid.
The results obtained for the Dowex resins have important
ramifications for future work involving gel type resins. Firstly 
it was observed that virtually no deuteriation was observed using 
the smallest particle size available (400 mesh) direct from the 
bottle. After drying under high vacuum the highest levels of 
deuteriation were observed, and these were significantly higher 
than those obtained from using the correspondingly dried larger 
1 0 0  mesh particle, thereby indicating the presence of diffusion 
control in the reaction. The rationale behind this conclusion is 
presented in the section which discusses the investigation of the 
kinetics of the detritiation of [^H]-acetophenone by polymer 
supported basic catalysts (chapter 3, page 159).
Interesting results were obtained using the macroreticular 
resins Amberlyst 15 and XNlOlO respectively. It was found that 
with a nine fold increase in surface area and a decrease in 
loading of some 25% the latter was more effective by a factor of 
three. This may be evidence to suggest that diffusion control is
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operating in the macroreticular environment which perhaps would 
not be expected.
Finally the results in Tables 26 and 2 7 show clearly that the 
discussion pertaining to Nafion is applicable to other cation 
exchange resins such as Dowex SOW and Amberlyst 15. Therefore 
similar labelling patterns are obseved in the labelling of 
aromatic compounds, quinolines and methylpyridines. Of course the 
same arguments apply to the expected levels of incorporation with 
electron releasing substituents facilitating exchange and electron 
withdrawing ones inhibiting it respectively.
Chapter 3 : Polymer Supported Base Catalysed Tritiation of 
Organic Compounds
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3.1 Introduction
In the previous chapter the scope of polymer supported acids 
as potential catalysts in the tritiation of organic compounds was 
explored. In this chapter the use of the complementary polymer 
supported basic catalysts is discussed. The tritiation of a wide 
range of organic substrates using commercially available anion 
exchange resins, in the hydroxide form, is detailed in 
section 3.2.
The use of synthesised polymer supported bases as catalysts
in hydrogen isotope exchange is discussed in section 3.3. Of the
catalysts prepared, the first was a quaternary pyridinium anion 
exchange resin with reasonable thermal stability, and the second 
was a polymer supported lithium reagent for use at lower
temperatures. The results of sections 3.2 and 3.3 are
collectively discussed in section 3.4.
In section 3.5 a kinetic investigation of polymer supported 
base induced hydrogen isotope exchange is described. The reaction 
in question is the detritiation of acetophenone. This work was 
initiated in order to obtain quantitative kinetic data which would 
complement the hydrogen exchange studies discussed in the previous 
sections. Of interest was the potential effect that the type and 
structure of the polymer would have on the observed reaction rate. 
In addition, since the detritiation of substituted acetophenones 
in aqueous alkali has been well d o c u m e n t e d ^ ® a n  opportunity 
exists to compare these results with those obtained using polymer 
supported basic catalysts.
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3-2 Hydrogen Isotope Exchange Reactions usina Commercially 
Available Polymer Supported Basic Catalysts.
3-2.1 Introduction
The results in the previous chapter clearly show that cation 
exchange resins (in the hydrogen form) are effective catalysts in 
hydrogen isotope exchange reactions. To complement this work the
potential of the corresponding anion exchange resins (in the
hydroxide form) is discussed in this section. Once again the
tritiation of a wide range of organic compounds was attempted, in 
this case using representative polymer supported basic catalysts. 
Since commercially available strong base resins are known to 
undergo Hofmann elimination of the tertiary amine at temperatures 
in excess of 6 0 all the reactions were conducted at lower 
temperatures.
3.2.2 Experimental
Treatment of lon-exchanae Resins.
Amberlyst A26, a macroreticular strongly basic anion exchange 
resin and its gel form counterpart Amberlite IRA 402 were
purchased in the chloride form (Aldrich Chemical Co.). 
Conversion to the hydroxide form was carried out by passing one 
litre of 5% w/v NaOH solution per lOOg resin down a column of the 
polymer at a flow rate of 5ml/min. Eluted chloride was detected
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by treatment of the eluent with silver nitrate and nitric acid. 
The excess régénérant was washed through with water (1 litre) and 
the polymer was then air dried. Attempts to eliminate all water 
from the polymers at high vacuum in the presence of P 2 O 5 resulted 
in significant changes in the physical appearance of both 
polymers. The colour of Amberlyst A26 changed from a pale yellow 
to a pinkish brown whilst brown Amberlite IRA 402 granules turned 
black. In both cases a reduction in particle size was noted. 
Consequently the polymers were subsequently used with their 
porogens (interior moisture) intact and after conversion to the 
basic form the macroporous resin was washed with ethanol (500ml), 
ether (300ml) and air dried whereas the gel form resin was simply 
air dried without chemical treatment.
Hvdrocren Isotope Exchange Reactions.
In most cases substrates were labelled in an analogous manner 
to that adopted for polymer supported acids (Chapter 2 ) ,  therefore 
details of substrate isolation and analysis will not be repeated 
here. In a typical experiment substrate (50mg), solvent (0.5ml) 
and isotopic water (HTO/D2 O) were stirred over polymer beads at 
temperatures in the range 25-50°C for periods of 12-60 hours. 
Labelled compounds were isolated and analysed by and NMR
spectroscopy at 4 6 and 320 MHz respectively.
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3,2.3 Results
Experimental conditions for the labelling of selected carbon 
acids are shown in Table 28 along with recorded incorporations of 
tritium or deuterium. The observed isotopic distributions and the 
corresponding and nmr spectral data of the labelled
compounds are presented in Table 29. Similarly, experimental 
conditions for the labelling of nitro compounds and 
phenols/miscellaneous compounds are summarised in Tables 3 0 and 31 
respectively. In these cases the corresponding and nmr
chemical shift data of successfully labelled compounds are 
combined in Table 32.
The and ^H/ spectra of various labelled compounds are 
shown in Figs 41-43 respectively, namely those of %H-1,3- 
dinitrobenzene, ^H-DMSO, and meta-chloroacetophenone.
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Table 28 Polymer Supported Base Catalysed Hydrogen Isotope 
Exchange of Selected Carbon Acids^
N o . Compound pKa mg
(Ml)
Resin Wt.
(mg)
Isotope
Source
Incorp­
oration
(mCi/mmol)
I Acetophenone 2 0 300 A/B 50 HTOC 11.50
II Cyclopentanone 17 300b A 50 HTOC 10.80
III Cyclohexanone 18 300b A 54 HTQC 11.40
IV Acetylacetone 2 0 300 B 70 Daod
V Methylmalonate ca8 300 A/B 97 HTOC 9.30^
VI Acetonitrile 25 300i A 50 HTQC 5.009
VII DMSO 32 300& A/B 1 0 0 HTQC 15.10
VIII Fluorene 2 2 (33) i A 1 0 0 HToi 1.9oi
IX Triphenylmethane 32 (49) i A 1 0 0 HToi nili
A : Amberlyst A26 : macroreticular resin 
B : Amberlite IRA 400 : gel form resin
a: All runs at 40°C for ca.lGh unless stated otherwise 
b: 24h/25°C
c: Specific activity 3.4Ci/ml, lOjitl 
d: D2 O : 50jLtl.
e; Not measured since product generally labelled; no ^Hnmr signal 
remaining which was suitable for use as standard, 
f: Beads gave pink colouration possibly due to charge transfer, 
g; Estimate from Radio-GC analysis 
h: 16 days at 50*C
i: Reaction solvent dioxan (0.3ml).
j: Result from competitive tritiation involving I,VII, VIII & IX 
HTO (20Ci/ml, 3jLtl used with substrates at O.IM in dioxan).
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Table 29 Deuterium and Tritium Chemical Shift Data of Labelled 
Compounds.
Compound Structure Solvent
(Spectrum)
6
(ppm)
Assign- Distr- 
ment bution
(%)
II
GOGH,
a
CDCI3
(3h )
dg-DMSO
(3h )
2.55 Methyl 100
2.20 a-CH2 100
III dg-DMSO
(3h )
2 . 24 -CH2 100
IV
V
GH3GOCH2GOCH3
GO 2CH 3
GH3GH2CH
GO 2CH 3
CHCI3
(2 h)
dg-DMSO
(3h )
1.97 
2 . 18 
3 .55 
5. 55
3.48
Generally 
labelled 
enol form
a-CH 100
VII GH3SO2GH3 CDCI3
(3h )
2.63 Methyl 100
VIII CDCI3
(3h )
3 .90 CH2 1 0 0
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Table 30 Hydrogen Isotope Exchange of Nitro Compounds Using
Polymer Supported Bases^.
No. Compound mg Resin Wt. Isotope Incorp­
(Ml) (mg) oration
X N itrobenz ene (300) A/B 50 D2 0 —1 0 0 /Ltl Nil
XI 1 , 3-Dinitrobenzene 9 4 b,C A 1 0 0 D2 0 - 1 0 0 jlil 1 2 %
XII 1,3-Dinitronaphthalene 2 1 b,C A 1 0 0 D2 O-IOOPI 53%
XIII m-Nitrobenzoic acid 1 6 7 b A 90 D2 O— 1 0 0 /il Nil
XIV Benzoic acid 25^ B 80 HTO® Nil
A : Amberlyst A2 6  
B : Amberlite IRA 402
a; 16h/40°C exchange period unless stated otherwise 
b: Solvent dioxan (0.5ml)
c: Meisenheimer complex formation observed
d: Solvent HMPA (0.2ml)
e: Specific Activity 3.4Ci/ml, lO/xl.
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Table 31 Hydrogen Isotope Exchange of Phenols and 
Miscellaneous Compounds®
No, Compound Wt. Resin 
(mg)
Wt.
(rag)
Isotope
Source
Incorp­
oration
XV 4-Methylcatechol 56b A 91 HTO® nil
XVI 3,4-Dihydroxybenzoic acid 47«i A 80 D2 O nil
XVII 1,2,3-Trihydroxybenzene 50b A 1 0 2 D2 O ca 5%
XVIII 2-Picoline 400 A 95 D 2 O nil
XIX 4-Picoline 410 A 1 1 0 D 2 O nil
XX 2“EthyIpyridine 370 A 1 0 0 D 2 O nil
XXI 2-Phenylpyridine 2 1 0 A 154 D2 O nil
XXII 4-Phenylpyridine 1 7 3 b A 95 D 2 O nil
XXIII 2“Methoxypyridine 270 B 132 HTO® nil
XXIV Quinoline 2 2 0 B 87 HTO® 0.02mCi
XXV Adipic Acid 3 5 b A 150 D2 O nil
XXVI Pyridine-n-oxide 3 0 b A 50 D 2 O nil
XXVII Purine 25^ A 60 D 2 O nil
A : Amberlyst A26 
B : Amberlite IRA 402
a; 40°C/35-40h exchange periods in all cases, in all deuteriation 
experiments 1 0 0 /il of D 2 O were used 
b: Solvent ; 0.5ml dioxan 
c; Specific activity 3.4Ci/ml, lOjul 
d; Solvent : D2 O, 300^1.
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Table 32 Deuterium NMR Shifts of Nitro Compounds
and Phenols Labelled Using Polymer Supported Bases®
No. Structure Chem.
Shift
(ppm)
Assignment (%)
XI NO,
NO,
9.10 100
XII 9. 02 100
XVII OH
' O :
4
6.13 4,6 100
a: All spectra were recorded in CHCI3 . Signals were ghost 
referenced to deuteriated TMS
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JL
sPPM
Fig-41 : NMR spectra of 1,3-dinitrobenzene labelled over 
Amberlyst 26
Above : nmr of deuteriated material
Below : 2jj (proton decoupled) nmr of labelled compound
J-
sPPM
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A.
-T--------1------ r6 5 4PPM
Fig-42 : NMR spectra of DMSO labelled over Amberlyst 26 
Above ; nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
— I—sPPM
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TsT6T7T9 3 2 i48 PPM
Fig.43 : NMR spectra of m-chloroacetophenone labelled over 
Amberlyst 26
Above : nmr of tritiated material
Below : (proton decoupled) nmr of labelled compound
— I------- r5 4PPM
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3.3 Synthesis of Polvmer Supported Bases
3.3.1 Introduction
The results from the previous section indicate that the 
application of commercially available polymer supported basic 
catalysts to the labelling of organic compounds with isotopic 
hydrogen is severely restricted by the catalysts instability at 
temperatures above 50°C. There are two obvious solutions to this 
problem, namely the use of a polymer supported catalyst with 
higher thermal stability thereby allowing its use at elevated 
temperatures, or, the use of a more reactive catalyst at lower 
temperatures. Both of these routes were pursued and the results 
are discussed in this section.
3.3.2 Preparation, Characterisation and Hydrogen Isotope 
Exchange Studies of a Thermally Stable Polymer Supported 
Base
Background
The extremely good thermal stability of pyridinium and 
related quaternary salts has led to their adaptation as phase 
transfer catalysts^SS and Mulholland and his co-workers296 used 
the hydroxide salts in nucleophilic labelling reactions with IBp. 
The preparation of the resins (illustrated in Chapter 1, page 52) 
has not been fully documented, however the guidelines form the 
basis of the following work.
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Experimental
The preparation of the polymers was previously reported to 
have been carried out by heating 4-(dimethylamino) pyridine and a 
Merrifield resin at 50“C in acetonitrile. Since no further 
experimental details were available a number of polymers were 
prepared under different conditions. The latter and the 
corresponding analyses are summarised in Table 33,
Reagents
Biobeads-SXl chloromethylated polystyrene (1.8% divinyltaenzene) 
were obtained from Bio-Rad Laboratories Ltd and used as supplied.
4-(Dimethylamino)pyridine (BDH) was also used without further 
purification.
Hydrogen Isotope Exchange Studies
Of the polymers prepared, only one (Polymer 4) possessed good 
anion exchange properties. This was subsequently used in the
labelling of a variety of organic compounds with tritium. The |
compounds tested, the experimental conditions and recorded I
incorporations are shown in Table 34. Where the latter permitted
nmr spectra were recorded at 320MHz and the observed tritium 
distributions are shown in Table 35. The (proton decoupled) 
and nmr spectra of tritiated 4-methylcatechol are shown in
Fig.44.
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Table 33 Preparation of Polymer Supported Bases 
Conditions and Analysis
Reaction
Polymer Molar
Ratio^
Solvent Temp.
(°C)
Time
(h)
%N F^b %C1” ^ 2 ^
id 1 .1 : 1 MeCN 50 5 1,32 37 1 . 8 8 42
2 d 3.5:1 MeCN Reflux 5 2 ,31 6 6 2.71 61
3 d 3 : 1 Toluene 30 16 0,87 25
4® 3:1 MeOH Reflux 24 2.87 82 3.48 79
a: 4-(Dimethylamino)pyridine : CH2 CI residues on Merrifield resin 
b: % functionalisation by N content (100% = 2.5meq/g) 
c; % functionalisation by Cl”content 
d: Polymers not capable of anion exchange, 
e: Polymer capable of anion exchange
Table 34 Polymer Supported Base Catalysed Hydrogen Exchange at 
Elevated Temperatures^
Compound W t . 
(mg)
Temp
(”C)
Time
(h)
T.A
(mCi)
S.A.
(mCi/mmoi;
1 ,3-dinitrobenzeneb 160 1 0 0 18 1,87 1.52
4-methylcatecho1 105 1 0 0 18 3,29 3.90Quinoic 50 1 0 0 18 0 . 2 1 1.05
Quinoline 328d,e 1 2 0 1 2 0 < 0 . 1 < 0 . 1
Pyridine-N-oxide 76d 1 2 0 1 2 0 0 . 8 1.70
Baclofen^ 45 1 0 0 18 0 . 06 ----
a: All reactions in 0.5ml dioxan and using HTO 4Ci ml” ,^ lOjLtl 
unless otherwise stated 
b: Intense purple colouration throughout polymer indicates 
Meisenheimer complex formation 
c: Intense yellow colouration throughout polymer indicates charge 
complex formation 
d: HTO 20Ci ml-1, 2^1
e: Dioxan (0.2ml) added as swelling solvent and to provide 
agitation on refluxing 
f : Solvent HMPA (0.5ml)
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Table 35 Tritium Distributions in Compounds Labelled Using 
Polymer 4^
Compound Chem. Shift Assignment Distribution 
(ppm) (%)
NO,
NO, 8.81 100
OH
:0°"CH, 6.636.466.68 434512
OH:0:OH 6.63 2,3,5,6 100
61: ^ 2  N'Y O
8. 27 2,6 100
a ; All NMR spectra recorded in dg-DMSO
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I jl
5PPM
Fig.44 NMR spectra of ^H-4-methylcatechol
Above : nmr of tritiated compound.
Below : (proton decoupled) nmr of tritiated compound
S 37 6 2 19 8 aPPM
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3.3,3 Preparation, Characterisation and Hydrogen Isotope
Exchange Studies of a Polymer Supported Lithium Reagent
Background
Macroreticular polystyrene was brorainated in the presence of 
thallic acetate on the basis of the procedure followed by 
Frechetl?0 for a 1% crosslinked gel resin. The resulting polymer 
was then subjected to a lithium-bromine exchange reaction which 
was carried out in an inert atmosphere using Schlenk apparatus.
Preparation and Characterisation
Brominated polystyrene
To a suspension of resin (5g) in carbon tetrachloride (70ml) 
was added 0.5g of thallic acetate. The reaction mixture was 
stirred in the dark for 3 0 minutes and a solution of bromine (4g) 
in carbon tetrachloride (10ml) was carefully added. After 
stirring for one hour at room temperature the mixture was heated 
at reflux for 1.5 hours. The resin was filtered off and washed 
with 200ml portions of the following solvents; carbon 
tetrachloride, acetone, acetone-water, acetone, toluene and 
methanol. After drying at 50°C under high vacuum for 24 hours a 
cream coloured polymer containing 4.4 meq/g bromine was obtained 
(40,1% Br). It can be shown that this corresponds to 92% of the 
aromatic rings in the polymer containing bromine (assuming one 
bromine molecule per ring).
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Lithiated polystyrene
Tetrahydrofuran (THF) used in this preparation was purified 
by distillation from lithium aluminium hydride. The lithiation 
reaction was carried out under an inert atmosphere in Schlenk 
apparatus specially designed for syntheses of air sensitive 
compounds. The brominated resin (Ig, 4.4 meg Br/g) was swollen 
in 30ml of dry THF and 4ml of 2.5M n~butyllithium in hexane was 
added, whereupon the polymer turned brown. The mixture was 
stirred at room temperature for 1,5 hours after which the 
solution was removed and fresh aliquots of THF (30ml) and 2.5M n- 
butyllithium in hexane (5ml) were added. The reaction mixture was 
heated at reflux with stirring for a further 1,5 hours and the 
polymer was finally filtered off and washed with further dry THF 
(2 X 3 0ml). The apparatus was sealed under nitrogen, and taken to 
a nitrogen box where the polymer was divided into portions for the 
subsequent labelling reactions.
A portion of the polymer was quenched in methanol and was 
found to still contain 11.0 % bromine (1.4meq/g). Therefore, 
subtraction of this value from that of the starting material gave 
an indirect lithium content of 3,0meq/g.
Hydrogen-deuterium exchange reactions
The polymer supported lithium reagents were placed in thick 
walled test tubes under nitrogen and the latter fitted with 
septa. All of the following operations, prior to the quenching of 
the reaction mixture, were carried out in a glove bag flushed
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with dry nitrogen. In a typical reaction, a solution of the 
substrate (30mg) in sodium dried ether (Irai) was injected onto the 
polymer supported lithium catalyst at -78°C. The mixture was 
allowed to warm with shaking, and was kept under nitrogen for a 
given exchange period, after which the catalyst was quenched by 
the addition of D2 O (l.Oral). In all cases any colouration present 
in the polymer disappeared and the aqueous solution was found to 
be strongly basic (pH 14) , indicating the presence of lithium 
hydroxide.
The substrates studied and observations made during the 
reactions are summarised in Table 36. Although evidence for 
successful lithiation was obtained in the case of some substrates, 
a significant degree of deuteriation was not observed for any of 
the compounds studied.
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Table 36 Hydrogen-Deuterium Exchange Reactions Using a Polymer 
Supported Lithium Reagent^»
Compound Studied Exchange 
Period (h)
Observations Made
Anisole 24 none
4-Bromoanisole 24 none
1,3“Dinitrobenzene 1 Polymer bead rapidly 
turned purple
Fluorene 24 Instant evolution of 
gas on mixing and a 
dark yellow colour 
appeared in the beads
Triphenylmethane 24 None
Acetophenone 24 Polymer bead gradually 
took on dark yellow 
colour
Butylacetate 24 Instant evolution of 
gas on mixing
a : All reactions were conducted at room temperature.
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3.4 Discussion
It is clear from the results presented in the previous two 
sections that polymer supported basic catalysts offer a
complementary route to their acidic counterparts in the 
deuteriation (and tritiation) of organic molecules. In the case 
of the commercially available anion exchange resins such as 
Amberlite 4 02 and Amberlyst 26, a wide range of compounds can be 
labelled provided the substrate bears protons which are
sufficiently acidic. Therefore, simple ketones such as 
acetophenone and cyclohexanone which are known to undergo hydrogen 
exchange in mildly basic media were found to tritiate under mild 
conditions in the presence of the polymer supported analogues. 
Other carbon acids such as fluorene and acetonitrile also 
underwent exchange although no labelling of triphenylmethane was 
observed under competitive conditions. The pKa value of the 
latter is approximately 32 and this probably represents the upper 
limit for which significant exchange is to be observed.
Dimethyl sulphoxide (DMSO) which has a similar pKa value to 
triphenylmethane, however, was labelled in an extended time 
experiment to a reasonable specific activity (15mCi mmol"^). To 
explain this, attention is drawn to the fact that solutions of 
hydroxide in DMSO are not restricted by the degree of solvation 
found in water. Consequently the hydroxide ion forms a "naked 
anion" and is a stronger base in the former solvent. Since the
labelling experiment was carried out in neat DMSO with a trace of
isotopic water it is pertinent to suggest that an analogous 
situation exists within the pores of the polymer and we have 
effectively formed supported species of high basicity.
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Unfortunately this result precludes DMSO as a reaction solvent 
for tritiation reactions; however in most cases, 1,4-dioxane was 
found to be most suitable, especially since the isotopic water was 
homogenised with the solvent.
The base-catalysed hydrogen isotope exchange of nitro 
compounds has been a source of much interestBG,87^ Where there 
are two or three nitro groups situated on a single aromatic ring, 
fast hydrogen isotope exchange takes place. This phenomenon is 
accompanied by the formation of Meisenheimer complexes (Fig,4, 
page 17) which are intermediates in classical nucleophilic 
aromatic substitution. In the hydrogen exchange process, an 
acidic proton adjacent to a nitro group is removed and the 
residual negative charge is stabilised by resonance with the 
strongly electron withdrawing nitro groups nearby. Not 
surprisingly this degree of charge transfer results in the 
observation of brilliantly coloured solutions of the species in 
question. It has been found that when a solution of 1,3- 
dinitronaphthalene (or the corresponding benzene derivative) in 
solution is injected onto the polymer supported basic catalyst 
intense colorations are instantly brought about within the beads 
themselves, with the bulk solution remaining colourless. Not 
surprisingly, the regiospecificity of labelling for the 1,3- 
dinitrobenzene and corresponding naphthalene is entirely 
consistent with the results previously reported by Buncel and his 
c o - w o r k e r s 8 6 , 8 7  using sodium hydroxide solutions in dioxan and 
hexamethylphosphoramide (HMPA). When one of the nitro groups is 
replaced by another strongly deactivating group such as -CO2 H no 
intense coloration is observed and no labelling occurs. Similar
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observations are noted with nitrobenzene; this is to be expected 
since Meisenheimer complex formation generally requires the 
presence of two or more nitro groups on the same aromatic ring.
It is well known that phenols undergo facile exchange in 
strongly basic media via the phenoxide formas. Therefore it is 
somewhat surprising that only one of three phenols studied 
underwent hydrogen isotope exchange. This compound, 1,2,3- 
trihydroxybenzene, labelled in the positions ortho to each outer 
hydroxyl; this is rationalised by the fact that under the reacton 
conditions these positions would be susceptible to powerful 
activation by one ortho and one para orientated hydroxyl. It is 
probable that in the case of the other phenols studied the 
limiting factor was the low temperature employed in the reaction.
The final group of compounds studied comprised miscellaneous 
compounds in which the project sponsors, SmithKline Beecham and 
Amersham International, held some interest. Although significant 
amounts of exchange were not expected under the mild conditions 
employed, the experiments were considered worthwhile since they 
represented labelling reactions of a more demanding nature than 
those conducted previously. Moreover, many of these compounds are 
not tritiated easily by other methods, and some, for example 2- 
methoxypyridine are conventionally labelled using This
involves multistage syntheses from precursors such as Bal^COg 
which are obviously expensive and labour intensive, and therefore 
simple tritiation procedures would offer significant advantages.
It can be seen that the applicability of commercial 
polystyrene anion exchange resins to labelling reactions is 
somewhat limited due to the poor thermal stability of the 
quaternary ammonium hydroxide functional group. However, the
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polystyrene bound pyridinium hydroxide resin was found to be far 
more stable and gave satisfactory results at temperatures in the 
range 100-120‘’C. For example, both of the phenols, 4- 
methylcatechol and quinol, labelled in contrast to the results 
shown in Table 31, and once more, the formation of a purple 
Meisenheimer complex with 1,3-dinitrobenzene and the subsequent 
labelling of the 2 position was observed. Pyridine-n-oxide which 
could not be labelled with the previous catalysts was also 
tritiated with the label located adjacent to the nitrogen atom. 
This regiospecificity of labelling is consistent with that found 
by using aqueous hydroxide systems.
The other polymer supported basic catalyst type studied was a 
strong base in the form of a polymer supported lithium reagent. 
Unfortunately, no significant levels of exchange were detected 
with this catalyst. Despite this, it is considered that this is 
an area where further studies are to be recommended since a purple 
Meisenheimer complex was observed with 1,3-dinitrobenzene, 
although no deuteriation was detected under the conditions 
employed. In addition, bright colourations were also observed 
with acetophenone and fluorene, and in all cases strongly basic 
solutions were obtained on quenching of the polymers. The 
loss of 75% of the bromine from the starting material indicates 
that the lithiation step was successful, and the absence of any 
significant hydrogen exchange can only be attributed to the fact 
that the conditions employed in these reactions were not 
optimised. Nevertheless, the results obtained are sufficiently 
encouraging such that further studies are recommended. It is 
suggested that prior to any work involving polymer supported 
lithium reagents, the conditions for the test reactions should be 
optimised using n-butyl lithium.
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3,5 Kinetics of the Polymer Supported Base Catalysed 
Detritiation of ^H-acetoohenone.
3,5.1 Introduction
Acetophenones are moderately strong carbon acids, that is, 
they are able to ionise in the presence of a base to form 
carbanions through the scission of a C-H bond. Therefore, under 
the appropriate conditions, acetophenones and other ketones 
undergo base catalysed hydrogen isotope exchange in the position a  
to the carbonyl group. The results from section 3.2.2 show that 
the reaction is also catalysed by commercially available basic 
exchange resins, under mild conditions. Consequently, this is an 
opportunity to investigate the kinetics of a resin catalysed 
reaction, where the product is chemically identical to the 
reagent. In most cases this is not the case, and, due to steric 
and electronic factors, the product may have a greater or lesser 
affinity for the resin phase. As a result, the concentrations of 
all species within the pores will be perturbed, and a change in 
reaction rate may be observed, thereby complicating any kinetic 
treatment.
Jones and his c o - w o r k e r s 8 0 , 8 1  have shown that the base 
catalysed detritiation of acetophenone in aqueous alkali proceeds 
through a two step process, with rate determining proton 
abstraction from the methyl group (Step 1) followed by rapid 
proton transfer from the solvent (Step 2).
slowPhC0CH2T + OH- ------►  PhC0CH2~ + THO (1)
fastPhC0CH2~ + H 2 O ------► PhCOCHg + 0H“ (2)
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It can be seen that a general rate equation (3) can be written
Rate = ki[substrate]^ [OH"]Y (3)
where x and y are integers which can only be determined by
experiment. In practice, it is normal to work under pseudo-first 
order conditions by ensuring the substrate concentration is
smaller than that of hydroxide ion by a factor of 10^ or so, such 
that the latter is in great excess and can be considered constant. 
The rate equation now reduces to
Rate = k [substrate]* (4)
where k = k^ [OH“]Y (5)
Proton transfer reactions often obey first order kinetics 
with respect to the substrate concentration, that is, the value of 
y is unity. This can be tested as follows:
For a reaction of the kind A — B the integrated rate equation
takes the form
k = 1/t In a/a-x' (6)
so that if Cq = radioactivity of acetophenone at time t=0
and Ch = radioactivity of acetophenone at time t=t
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equation (6) gives rise to
k = 1/t In Co/Ct (7)
A plot of In Ct against time should therefore be linear with a 
slope of -k. This indeed was found to be the case for the 
detritiation of acetophenone in aqueous alkali.
The order of the reaction with respect to hydroxide 
concentration can be calculated from equation 5. In the case of 
the polymer supported catalyst, it is obtained by simply 
increasing the weight of catalyst and, thereby, the number of 
supported groups. Subsequent titration of the back exchanged base 
from the resin against a standardised acid determines the 
hydroxide loadings, and therefore, an effective term for the 
supported hydroxide group can be defined (8).
[ OH-] poly = n 1000/V (8)
where n = total number of basic groups involved, and 
V = total solvent volume (ml)
This term is important since it allows the calculation of second 
order rate constants with respect to hydroxide concentration. 
These values can in turn, be compared between resins with varying 
hydroxide concentrations, and varying structure.
The experiments discussed in this section were conducted with 
the aim of obtaining reproducible kinetic hydrogen isotope 
exchange data. Since the detritiations of a series of substituted
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acetophenones in aqueous alkali have been reported previously, 
similar runs were conducted using corresponding resins, such that 
a comparison between the homogeneous and heterogeneous cases could 
be made.
In the case of the parent compound, the detritiation under 
standard conditions by a number of commercially available anion 
exchange resins was compared. Finally, in an attempt to confirm 
the presence of diffusion control on the rate catalysed by gel 
type resins, a series of experiments were conducted in which the 
surface area of the catalyst and its porosity (degree of cross- 
linking) were systematically varied. In each case the hydroxide 
loadings on the polymers were kept constant.
3.5.2 Experimental
Acetophenone and its derivatives were labelled essentially as 
descibed in section 3.2. Detritiation experiments were conducted 
in specially built double walled conical flasks with the outer 
wall serving as a water jacket. Water was pumped through this at 
a high rate from a Grant Thermostat which also provided accurate 
temperature control (25 ±0.05"C). Agitation of a uniform nature 
was provided by a teflon coated magnetic stirring bar controlled 
by a magnetic stirrer. The latter was found to generate 
significant heat when operated for extended periods, therefore an 
asbestos mat was placed between the stirrer and reaction vessel to 
prevent any artificial rate enhancement.
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In the detritiation experiment, the pre-weighed polymer was 
transferred to the reaction vessel and solvent was added (50.0ml). 
Absolute ethanol was chosen since it both acted as a sink for 
labile tritium and served as a powerful swelling solvent. The 
mixture was stirred for 10-15 minutes to allow the polymer to 
swell and once thermal equilibrium was reached the tritiated 
acetophenone was added (normally 20/il of a dioxan solution) .
After five minutes the stirring was momentarily stopped to 
allow the sampling of an aliquot (0.50ml), which was immediately 
partitioned between water (10ml) and a toluene/PPO scintillant 
cocktail (10ml). The latter was then decanted, dried over 
anhydrous sodium sulphate, and finally counted on a Beckmann LS 
1800 Liquid Scintillation Counter. Further aliquots were 
withdrawn at appropriate intervals and all runs comprised some 8 
to 10 data points.
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3.5.3 Results
All detritiation runs were carried out in duplicate such that 
an error of less than five per cent was observed, and all values 
quoted refer to mean values. The experimental data for a typical 
detritiation run is shown in Table 37. The corresponding plot of 
In(counts) versus time is shown in Fig.45, Observed rate 
constants, obtained with varying weights of catalyst are listed in 
Table 38, for both Amberlyst A26 (macroreticular) and Amberlite 
400 (gel form). The results are plotted in Fig.46 and Fig.47 
respectively.
The rates of detritiation of some substituted acetophenones, 
catalysed by Amberlyst A26 and Amberlite 400 are summarised in 
Tables 3 9 and 40 respectively. A plot of these rates against 
those obtained previously in aqueous alkali systems®® is shown in 
Fig.48. For each catalyst, a plot of In k for each substituted 
acetophenone against the pKa of the corresponding substituted 
benzoic acids are shown in Fig 49.
Table 41 presents observed and second order rates of 
detritiation of the parent compound by a selection of commercially 
available anion exchange resins under a given set of conditions. 
Finally, the effect of variations in the surface area and porosity 
(cross-linking density) on the rate of detritiation of 
acetophenone is shown in Table 42.
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Table 37 Detritiation of [^H]-acetophenone by Amberlite IRA 400
Time t 
(minutes)
Counts Ct 
(d.p.m.)
In Ct
0 312 180 12.651 1
10 255 630 12.451 1 Resin ; 245.8mg
21 202 180 12.217 1
30 172 410 12.058 1
44 129 040 11.768 1 k : 3.68 X
55 98 580 11.499 1 10-4 g-1
65 80 330 11.294 1
75 62 250 11.039 1 Temp : 298.2K
102 31 820 10.368
Fig 45 Detritiation of H-Acetophenone by Amberiite 400Plot of in Ct V T i me
In ct13
12
11
10
0 6 0 100 1 5 0
Time (minutes)
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Table 38 Variation of the Rate of Detritiation of
[^H]-Acetophenone with Catalyst Weight at 298,2
Catalyst Weight
(g)
104 k 
(s-1)
Amberlyst A26° 0.143 1.65
0.254 2,59
0.360 3.92
0.499 4.95
0.644 6.15
0.813 7,71
1. 070 9.32
Amberlite 400^ 0.139 2.68
0.245 3.68
0.488 6.09
0.726 8,25
1.042 8.79
1.614 9.72
a: Results from single runs 
b: Solvent ethanol (50,00ml) 
c: Exchange capacity 1.09 meq/g 
d: Exchange capacity 0.65 meq/g
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Fig 4 6  Detritiation of ^ H - A c e t o p h e n o n e  by Amberiyst A 2 6  Effect of Catalyst Weight on Rate
10
9
B
7
e
5
4
3
2
1
0
1.00.6 0.80.0 0.2 0.4
Polymer Weight (g)
Fig 47  Detritiation of '"H-Acetophenone by Amberiite 4 0 0
Effect of Catalyst Weight on Rate
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Table 39 Rates of Detritiation of Substituted Tritiated 
Acetophenones by Amberlyst A26 at 298.2K
Substituent k
(104 s-1) k2^(lO^M"■1 s-1)
Rate relative 
to parent 
compound
ortho-nitro 11.50 ±0.45 20.98 ±0.82 4.44
para-cyano 10.10 ±0.23 18.43 ±0.42 3.90
meta-cyano 7.33 ±0.31 12.91 ±0.55 2.83
meta-chloro 5.23 ±0.17 9 .54 ±0.31 2.02
para-bromo 3 . 89 ±0.12 7.10 ±0.22 1.50
none 2.59 ±0.07 4.72 ±0.13 1.00
ortho-fluoro 2.55 ±0.15 4.65 ±0.27 0.98
meta-methyl 1.88 ±0.04 3.43 ±0.07 0.73
ortho-methoxy 1.20 ±0.03 2.19 ±0.05 0.46
para-methoxy 1.09 ±0.03 1.73 ±0.05 0.41
a; k 2 = k/[OH“]; [0H“ ] =: 5.48 X 10" M.
Table 40 Rates of Detritiation of Substituted Tritiated
Acetophenones by Amberlite 400 at 298 .2K
Substituent k k2* Rate relative(104 s-1) (102m ""1 S-1) to parent
compound
ortho-nitro 21.25 ±0.55 65.08 ±1.68 5.76
para-cyan 14.10 ±0.10 43 .19 ±0.31 3.82
meta-chloro 7.77 ±0.19 23.80 ±0.58 2.11
para-bromo 6.19 ±0.17 18.96 ±0.52 1.68
none 3 . 69 ±0.02 11.30 ±0.06 1.00
meta-methyl 2.46 ±0.01 7.53 ±0.03 0.67
para-methoxy 1.52 ±0.05 4.66 ±0.15 0.41
ortho-methoxy 1.34 ±0.03 4.10 ±0.09 0.36
a: k 2 = k/[OH"’]; [0H-] == 3.25 X 10 “3 M.
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Fig 49 Plots of -In k 2 for Substituted Acetophenones versus 
the pKa of the Corresponding Benzoic acids
Above : Plot for Amberlyst A26 
Below : Plot for Amberlite 400
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Table 41 Detritiation of [^H]-Acetophenone by Selected Anion 
Exchange Resins^ at 298.2K
Resin Structure 
(% cross 
linking)
Base
Strength
lO^k 102k2 
(s-1) (M-1 s-1)
Amberlite 45 macroporous weak <<0.04 ----
Amberlite 400 gel (8) strong 3.69 ±0.02 11.30 ±0.06
Amberlite 402 gel (6) strong 3.30 ±0.15 14.54 ±0.66
Amberlyst 21 macroreticular weak <<0.04 — ——
Amberlyst 26& macroreticular strong 2.59 ±0.07 4.72 ±0.13
Amberlyst 26= macroreticular strong 1.18 ±0.02 4.21 ±0.06
a: 250mg resin in 50ml ethanol
b: Exchange capacity 1.09meq/g
c: Exchange capacity 0.58meq/g
Table 42 Effect of Particle Size and Porosity (Crosslinking) on
the Rate of Detritiation of [^H]-Acetophenone^
Crosslinking Particle 102 k2
(%) Size (M-1 s-1)
2 50-10C» mesh 7.01 ±0.31
2 100-200 mesh 17.98 ±0.01
2 200-400 mesh 18.01 ±0.35
8 20-50 mesh 1.10 ±0.02
8 50-100 mesh 2.50 ±0.04
a: Rates given for Dowex 1X2 and 1X8 resins with exchange 
capacities in range 1.1-1.4 meq/g.
Reaction conditions : 0.5g resin in 100ml ethanol at 298.2K
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3.5.4 Discussion
Before the results are discussed, the processes involved in a 
chemical reaction within the pores of a polymer supported catalyst 
must be considered. H e l f e r r i c h ^ ^ G  considered the catalyst 
particle to be surrounded by an adherent Nernst diffusion film, 
across which mass transport can occur by diffusion only. For 
chemical reaction to occur, the reagent must first approach the 
catalyst by diffusion across the double layer. This is followed 
by diffusion through the resin particle to the active site, where 
the chemical reaction will take place. Finally, the product will 
diffuse out of the catalyst and back into the bulk solution (if it 
does not react further) .
Consequently a number of situations can arise. For instance,
if the rate of chemical reaction is much slower than film or
intraparticle diffusion, the overall rate will be determined by
this process. Conversely, if intraparticular diffusion is much 
slower than the chemical reaction the reactant molecules will have 
reacted before they have time to penetrate into the interior of 
the catalyst particle. In this latter limiting case, the reaction 
occurs only in a thin layer at the particle surface, and its rate 
is controlled by either film diffusion or chemical reaction at the 
surface, whichever of these two processes is the slower . It can 
be seen that intraparticular diffusion can affect the overall 
rate, but it can not be the sole rate determining step. This 
consideration results in three limiting cases, where, the rate 
determining step is controlled by either chemical reaction 
throughout the particles (internal reaction control), chemical
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reaction at the particle surface (surface reaction control), or 
film diffusion. In practice, unless highly viscous solutions or 
high temperatures are employed film diffusion effects can be 
removed by adequate agitation of the reaction mixture. Therefore 
in the work discussed such effects are considered to be 
negligible.
The distinction between internal reaction control and surface 
reaction control can be made simply by increasing the surface area 
whilst keeping the number of active groups constant. In the case 
of the latter, a rate increase will be observed whereas if the 
reaction is controlled by the former process, the rate will remain 
constant. Intermediate cases arise if the rates of the individual 
steps are comparable and often the overall rate is controlled by a 
combination of intraparticle reaction and intraparticle 
diffusion.
It is clear from the results that the polymer supported base 
catalysts are effective in the detritiation of ^H-acetophenone. 
In all cases the plots of In (counts) versus time were linear, 
showing that the reaction was first order. The plots shown in 
Figs 46 and 47 show that both Amberlyst A2 6 and Amberlite 400 are 
behaving as catalysts, with an increase in catalyst weight 
resulting in an increase in the observed reaction rate. In the 
case of the macroreticular resin, Amberlyst A2 6, the relationship 
is virtually linear, and the effect of doubling the catalyst 
weight is simply to double the reaction rate. In effect the 
reaction is first order with respect to both substrate 
concentration and polymer supported hydroxide concentration. This 
observation provides strong evidence for a rate determining
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process which is chemically controlled. However the distinction 
between internal reaction control and surface reaction control 
can not strictly be made since a comparable resin with a modified 
surface area does not exist. Despite this, by consideration of 
the macroreticular nature of the resin, it is suggested that the 
former process is respnsible. For example, the structure of the
A
resin is such that the large pores render the active sites highly 
accessible to the reagents. Intuitively, significant
intraparticle diffusion effects would not be expected in this 
case.
The plot of observed rate versus catalyst weight (Fig.47) for 
the gel type resin Amberlite 400 takes the form of a curve which 
approaches a maximum rate value. To explain this it is suggested 
that in this case the rates of chemical reaction and 
intraparticular diffusion are comparable. Moreover, the latter is 
the slower process. Diffusion can be described as a random 
translational movement and under given conditions its rate is 
constant. Where the weight of the catalyst is low the
diffusivity of the substrate into the pores of the resin is such 
that in unit time, a significant portion of the resin is utilised. 
When the amount of resin is increased, an overall rate increase is 
observed due to internal reaction control. However at high resin
weights, the amount of catalyst utilised in the reaction is
restricted by limiting intraparticle diffusion. Consequently a 
situation exists where the addition of further catalyst results in
little or no further rate increase. At this point the degree of
catalyst utilisation cannot be significantly increased and a 
maximum rate is approached.
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The above observations are not too surprising since Amberlite 
400 is a gel form polymer with 8% crosslinking. Consequently, the 
resin can not swell to the same extent expected of more lightly 
cross-linked resins, and some degree of diffusion control on the 
reaction rate would be predicted.
Tables 39 and 40 show the effect of substituents on the rate 
of detritiation for Amberlyst A26 and Amberlite 400 respectively. 
Not surprisingly, electron withdrawing substituents which 
stabilise the carbanion formed increase the rate of reaction, 
whereas electron donating substituents caused a rate decrease. 
The rate of detritiation decreased in the general order
NO 2 > CN > Cl > Br > H > Methyl > Methoxy
which is representative of the relative electron withdrawing
abilities.
From Fig. 48, it can be seen that the second order rate
constants obtained for the detritiation of meta and para
substituted acetophenone derivatives, for both catalysts, give 
linear plots when plotted against those obtained in aqueous 
alkali^O. The absolute values of the rates obtained in the former 
are considerably higher than those in the homogeneous case; 
however the former were measured in ethanol which obviously 
provides a more basic medium. In addition, it is not possible to 
indicate whether the rate is faster in the heterogeneous system
than in solution unless the concentration of substrate in the
resin phase is known. It can be seen that higher rates in the
former can be obtained, simply because of the high local
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concentration of substrate in the resin phase, and not through any 
significant variation in the intrinsic rate of chemical reaction. 
Nevertheless, the good correlation between the two sets of results 
suggests that, at least, a common reaction mechanism is 
operating.
Ortho substituted acetophenones have given unexpected values 
for both proton abstraction and detritiation^^. This is usually 
ascribed to a variety of electronic and steric factors. In the 
case of ortho-nitroacetophenone, the low value obtained for 
detritiation in aqueous alkali was attributed to a strong 0-H 
interaction between the protons of the acetyl group and the oxygen 
of the nitro group. In the case of the polymeric system, it can 
be seen from Fig.48, that both catalysts gave much lower values 
than expected. It is suggested that these groups are pushed 
towards each other within the pores of the resin thereby 
strengthening the interaction. Alternatively, the nitro group 
itself may be hindering the approach of the acetyl group towards 
the active site on the catalyst surface.
Variations in the rates of reactions can often be correlated 
with the effects of different substituents. Thus, Hammett^S? 
studied the ionisation of substituted benzoic acids and proposed 
that variations in rate can be expressed in terms of two 
constants, a  (substituent) and p  (reaction). In this case, for 
meta and para substituted compounds, the importance of the former 
was shown by the linear relationships obtained by plotting the 
observed rates against the corresponding pKa values. Since the 
acetyl and carboxyl groups are not too dissimilar and steric 
repulsion between the proton and the substituent is small, it
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might be expected that the detritiation of acetophenones by 
polymer supported basic catalysts gives rise to excellent linear 
free energy relationships. The plots shown in Fig 49 clearly 
confirm this.
Of the commercial anion exchange resins compared (Table 41), 
both weakly basic resins were ineffective in the detritiation of 
acetophenone. This is not surprising since their activity is 
derived from the tertiary dimethylamino group which is 
considerably less basic than the quaternary ammonium hydroxide 
groups of strongly basic resins. Of the latter, Amberlite 400 and 
402 gave similar rates, with the latter being the more effective. 
This is probably due to the fact that it has some two per cent 
less crosslinking than its counterpart. In contrast, the 
macroreticular resin, Amberlyst A26, gave a much lower rate, with 
batches of differing hydroxide content giving similar second order 
rate constants.
The final experiment was conducted to investigate the effect 
of changes in surface area and porosity on the rate of 
detritiation of acetophenone by a gel type resin. Although the 
presence of diffusion control in such reactions has been suggested 
earlier in this text, it has not been proven. The necessary 
criterion is an increase in the rate of reaction when the surface 
area of the catalyst is increased, with the number of active 
groups remaining constant. It can be seen from Table 42 that in 
the case of the 2 % cross-liked resin, reduction of the particle 
size from (50-100) mesh to (100-200) mesh results in an increase 
in the observed rate by a factor of 2.5, Similarly, a reduction 
in the particle size of the 8 % cross-linked resin from (20-50)
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mesh to (50-100) mesh results in rate enhancement of a comparable 
order. In the former case, the rate did not change further when 
the particle size was reduced to (200-400) mesh, this being the 
smallest size at which the resin is commercially available. This 
indicates that diffusion control is not operating in this case, 
therefore, the observed rate is essentially that of the chemical 
reaction.
The extent to which a resin particle can swell is determined 
chiefly by its degree of cross-linking and the reaction solvent 
employed. It would therefore be predicted that a change in the 
former would significantly alter the overall rate of reaction. 
From the results in Table 42, it can be seen that this is indeed 
the case, with a three fold rate increase being observed for the 
2 % cross-linked resin relative to its 8 % cross-linked counterpart.
A similar dependence of rate upon the porosity of the resin 
has been demonstrated by F u l m e r ^ S S  in the cyanoethylation of fatty 
amines using acidic ion exchange resins. In this case Dowex SOW 
cross-liked with 1 % divinylbenzene was found to be more effective 
than resins with 4, 8  and 12% divinylbenzene. Likewise, an 
increase in product yield of some 25 per cent was obtained in 
reducing the particle size from (20-50) mesh to (50-100) mesh. In 
the case of polymeric reagents, it has been shown that resins 
containing triphenylphosphine residues, which are used in Wittig 
reactions to convert aldehydes to olefins, are more effective when 
the amount of cross-linking is 0.5 per cent rather than two per 
cent359. Similarly, the original selection of 1-2 per cent cross- 
linked styrene-divinylbenzene for Merrifield peptide synthesis 
was made when the more mechanically stable 8 and 16 per cent 
cross-linked resins were found to give inconveniently slow 
reaction rates^SO.
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Of the results presented in this section, it can be seen that 
those obtained using the macroreticular catalyst, Amberlyst A26, 
have given a close relationship with the corresponding homogeneous 
reaction. Therefore, diffusion effects are limited and the resin 
can be considered to be a pseudo-homogeneous system, where the 
pore liquid is a homogeneous phase where catalysis occurs. 
In this case both reactants and products are considered to be in a 
thermodynamic distribution equilibrium between the former and bulk
solution^Gl,362 ^
In the case of the gel type resin, Amberlite 400, the kinetic 
treatment is not strictly adequate due to the effect of diffusion. 
For instance, equation 5 (page 147) cannot define the curve shown 
in Fig.47 using an integer value of y . Wheeler^GS and Thiele364 
developed a method of analysing simultaneous diffusion and 
chemical reaction processes within the pores of a solid catalyst. 
Although the model was originally designed for vapour phase 
reactions, the mathematics hold equally well for solid-liquid 
reactions. Two important assumptions are made in this treatment. 
Firstly, the diffusion of the reagent through the catalyst 
particle is assumed to proceed at a constant rate, which is 
denoted by D. Secondly, the rate of reaction is also assumed to 
be constant throughout the resin particle, and is denoted 
by k^. If a simple first order reaction of the form
A --------------► Products
Catalyst C
is assumed, the rate of reaction will be given by :
— (dA/dt)j;- = kj^  [A]j- T] (12)
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where subscript r refers to the resin phase. The entity 77 is the
degree of catalyst utilisation, and is often referred to as the
effectiveness factor. It is defined as the rate of reaction 
divided by the rate of reaction which would result if diffusion 
were so rapid as to not affect the overall rate. From the
original work364 it can be shown that
T? = (3/0) [1/tanh 0 - 1/0] (13)
and
0 = R (kr/D)% (14)
where 0 is a dimensionless parameter termed the Thiele modulus, 
and R is the average radius of the catalyst particles which are 
assumed to be spherical. It is likely that equation 12 fits the 
curve shown in Fig.47 since at higher polymer weights, the value 
of 0 , and that of 77, increases but at an ever decreasing rate.
This type of analysis has been used successfully by Gupta and 
Douglas on the hydration of isobutylene by a strong acid resin^^^, 
and it is clear, that any subsequent work should include modelling 
of this nature. Finally, this work has demonstrated the potential 
of using hydrogen isotope exchange as a probe in complex reaction 
mechanisms. The author is of the opinion that this type of 
reaction, where reagent and product are chemically identical, 
ought to be utilised more often in the field of polymer supported 
catalysis, perhaps at the expense of reactions such as 
estérification, where the formation of by-products and the 
associated polarity changes complicate the situation even further.
4. Preliminary Investigations into the Use of Polymer Supported 
Lewis Acid Catalysts in the Tritiation of Organic Compounds.
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4-1 Introduction
The work of Balaban and his c o - w o r k e r s 5 6 - 5 8  and more recently 
that of Garnett and his colleagues^^”®^, has clearly shown that 
Lewis acids are powerful catalysts in hydrogen isotope exchange. 
However, even the mildest catalyst considered, aluminium chloride, 
hydrolyses on exposure to air and must be stored under an inert 
atmosphere. The most reactive catalysts are the organoaluminium 
halides which are extremely air and moisture sensitive, and in 
some cases pyrophoric. It can be seen therefore that the 
immobilisation of such reagents onto a simple polymeric support 
which is shelf stable is a most attractive proposition. 
Furthermore, the separation of the catalysts from the reaction 
mixture can be effected by simple filtration, thereby eliminating 
the need for lengthy extraction processes. In addition, polymer 
supported catalysts can often be reused a number of times before 
the catalytic activity is lost.
Two approaches to polymer supported Lewis acid catalysts are 
discussed in this chapter. The first is concerned with the 
physical entrapment of the free Lewis acids within the pores of 
microporous (gel form) polystyrene resins, and is summarised in 
section 4.2, This approach was first used by Neckers and his co­
workers who prepared suitable catalysts for reactions such as 
e s t e r i f i c a t i o n s 2 4 8  and acetal f o r m a t i o n ^ ^ S ,  More recently, the 
method was used by Ran and his colleagues to immobilise a number 
of Lewis acids, including ferric chloride (FeClg)^^^^ titanium 
tetrachloride ( T i C l 4 ) 2 5 4 , 2 5 5  and gallium chloride ( G a C l 3 ) 2 5 6 ^  
Although these Lewis acids have been found to be inactive in
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hydrogen isotope exchangers, the general experimental methods were 
followed in an attempt to immobilise more reactive Lewis acids 
such as molybdenum pentachloride (M0 CI5 ) and antimony
pentachloride (SbClg) which are powerful hydrogen exchange 
catalysts.
The second approach involves the reaction between a 
sulphonated polystyrene resin and Lewis acids to produce a 
catalyst where the active group is bound to the resin by a 
chemical bond. Such c a t a l y s t s 2 6 4  have been found to be active in 
the isomérisation of paraffins. This work is summarised in 
section 4.3. Both sections are collectively discussed in section 
4.4. For the remainder of this chapter, gel form and
macroreticular polystyrene will be denoted PS and PSM 
respectively.
4.2 Gel Encapsulated Lewis Acid Catalvsts
4.2.1 Experimental
Reagents
Aluminium chloride and antimony pentachloride of high quality 
commercial grade (Aldrich Chemical Company) were obtained and used 
without further purification. Carbon disulphide (Reagent grade, 
BDH) was dried for 3 days over sodium hydride and distilled from 
phosphorus pentoxide under nitrogen. The distillate was further 
dried over phosphorus pentoxide and was stored in darkness. 
Chloroform was dried by distillation from phosphorus pentoxide.
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Gel form polystyrene (60-80 mesh, 1.8% divinylbenzene) and 
macroreticular polystyrene were obtained from Polysciences Inc.
Preparations
PS-AICI3
1.8% Cross-linked polystyrene (5g) was added to a 250ml flask 
equipped with a magnetic stirrer and condenser, all of which had 
been previously heated to 140°C and allowed to cool under a stream 
of dry nitrogen (Drierite column) . Carbon disulphide (90ml) was 
added and the mixture was stirred to allow the polymer to swell. 
Anhydrous aluminium chloride powder (2.5g, 0.06mol) was carefully 
added and the mixture was stirred at reflux under nitrogen for 1.5 
hours, after which time the polymer had taken on a deep orange 
colour. After cooling to 0°C, cold water (140ml) was carefully 
added to the stirred mixture to hydrolyse any unbound AICI3 . 
The polymer was stirred until the orange colour disappeared, and 
the pale yellow beads were filtered and washed with water (one 
litre), ether (150ml), acetone (150ml) and ether (150ml). Finally 
the beads were dried under vacuum (30°C/20mm Hg) for 3 0 hours, 
(yield 5.4g).
PS-SbClg
A round bottom flask heated to 140°C was allowed to cool 
under dry nitrogen (Drierite column), and 1.8% cross-linked 
polystyrene beads (6 g) and dry carbon disulphide (1 0 0 ml) 
were added. The mixture was agitated by means of a magnetic 
stirrer for 5 minutes to enable the polymer to swell and then
Chapter 4 : Page 171
antimony pentachloride (0.8ml, 6.3mmol) was added dropwise using a 
nitrogen flushed syringe equipped with a stopcock. The mixture 
was stirred for a further 16 hours by which time it had taken on a 
very dark green colouration.
After cooling to 0“C the dark coloured beads were filtered 
and washed with water (500ml), acetone (2 00ml) and ether (200ml). 
The polymer was dried under vacuum for 24 hours (30“C/20mm Hg) 
and examination of the beads under a microscope confirmed their 
colour as a dark olive green (yield 6 .2 g).
PS-AICI3 - 2  (high loading)
In similar dry apparatus to that described above 1.8% cross- 
linked polystyrene beads (3g) in chloroform (50ml) was stirred 
for 10 minutes and aluminium chloride (lOg, 75mmol) was 
subsequently added. The orange mixture was stirred for one hour 
and then cooled to 0"C whereupon water (200ml) was cautiously 
added to destroy any unbound halide. The resultant yellow polymer 
was filtered off, washed with water (500ml) and dried for 24 hours 
under vacuum. The product which was obtained was not homogeneous 
and no longer took the form of beads. Consequently, it was not 
used further.
PS-M0CI5
A round bottom flask heated to 140“C was allowed to cool 
under dry nitrogen (Drierite column) and 1.8% cross-linked 
polystyrene (2 %) beads (6 g) and dry chloroform (1 0 0 ml) were added. 
The mixture was stirred for 10 minutes to allow the polymer to 
swell and then molybdenum pentachloride (5g, 18.3mmol) which had
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been weighed out in a glove bag was carefully added. The mixture 
was stirred under nitrogen for a further 16 hours by which time it 
had taken on a deep brown colour.
After cooling to 0°C the mixture was filtered to yield dark 
green beads which were washed with chloroform (3 x 100ml) . The 
polymer was then dried under vacuum for 48 hours (30“C/20mmHg). 
Yield 6.2g.
PSM-AICI3
Macroreticular polystyrene beads (5g) were swelled in dry 
chloroform (100ml). Powdered aluminium chloride (5g, 0.04mol) 
was added and the mixture stirred under nitrogen for one hour. At 
the end of this period the brown mixture was cooled to 0“C and any 
unbound halide was destroyed by the careful addition of water 
(300ml). The colourless beads were filtered and washed with water 
(2 X  100ml ) , acetone (50ml) , and ether (50ml). Finally the 
polymer was dried at 70°C/25mm Hg for 24 hours.
Analysis of Polymer Supported Lewis Acids
(a) Infra-Red Absorption Spectra
Infra-red spectra of the polymers were recorded as potassium 
bromide discs using a Perkin Elmer 1750 FTIR Spectrophotometer. 
Significant stretching frequencies attributable to the presence of 
the Lewis Acid are listed in Table 43.
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(b) Elemental Analysis
Selected polymers were sent to SmithKline Beecham at Welwyn where 
they were submitted for routine elemental analysis including 
halide content. The latter allows a direct estimate of the metal 
loading to be calculated. These results are also listed in Table 
43 .
Table 43 Analysis of Gel Encapsulated Lewis Acids
Polymer %C %H %C1 %M^ Cl: Mb I.R. (cm-1 )
PS-AICI3 -I 71.58 7.32 5 .O7 C 1 .3 3 d 2.9:1 1636, 1654
PS-SbCls-l 83.95 7 . 00 8 .6 8 ® 5.96^ 3.4:1 None
PS(M)-AlCl3 90. 03 8.19 0 . 9 4 9 None
a
b
c
d
e
f
9
% Metal determined by ICPMS analysis 
Molar ratio
Corresponds to 1.43mmol Cl/g 
Corresponds to 0.49mmol Al/g 
Corresponds to 2.45mmol Cl/g 
Corresponds to 0.71mmol Al/g 
Corresponds to <0.25mmol Cl/g
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Assessment of Catalytic Activity of Gel Encapsulated Lewis Acids
(a) Estérification Reactions
The use of polymer supported aluminium chloride as a useful 
catalyst in organic chemistry has been well demonstrated with the 
reagent showing high activity in e s t e r i f i c a t i o n ^ ^ S  and acetal 
formation r e a c t i o n s 2 4 9 _  Therefore the estérification of n-
butanol by acetic acid was chosen as a convenient reaction to 
qualitatively assess the relative activities of the prepared 
catalysts before any radioactive work was carried out. The 
results are shown in Table 44.
Table 44 Estérification Reactions^
Entry Catalyst Mole Ratio 
(Acid:alcohol)
Time
(h)
Temp.
(°C)
Yieldb
(%)
1 None 1 : 2 6 85 3
2 PS 1 : 2 6 85 7
3 PS-AICI3 -I 1 : 2 2 85 65
4 PS-AICI3 -I 1 : 2 6 85 90
5 PS-AICI3 - 2 1 : 2 2 85 70
6 PS-SbCls 1 : 2 2 85 9
7 PS-M0 CI5 1 : 2 2 85 1 0
8 ® PS-AlCl3d 1 .1 : 1 5 95 23
9 C PS-AlCl3d 1 .1 : 1 46 95 44
1 0 ® PS-A1 C 1 3 ® 1 .1 : 1 42 95 5
a: 0 .2 mol n—BuOH + 0. Imol acetic acid refluxed in benzene (2 0 ml)
with Ig catalyst 
b: The products were identified by glc with known standards and 
nmr spectroscopy, and yields were determined by glc. 
c: Literature results (Ref 248) 
d: Benzoic acid:butan-l-ol 
e: p-Nitrobenzoic acid:butan-l-ol
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(b) Hydrogen Exchange Reactions
The most active polymers in the estérification reactions were 
used under a variety of conditions to assess their activity as 
catalysts in hydrogen isotope exchange. The test reaction 
selected was the acid catalysed deuteriation of p-xylene, which 
has been shown to reach equilibrium in less than one hour at room 
temperature, in the presence of a small amount of aluminium 
chloride368_ The parameters studied were amount of catalyst, 
temperature/time, nature of Lewis acid and solvent. The range of 
conditions employed are summarised in Table 45. Unfortunately 
hydrogen isotope exchange was not observed in any case.
Table 45 Deuteriation of p-Xylene : Reaction Conditions^
Run Catalyst Isotope Co-solvent Ratio Temp. Time
wt.(mg) source (v/v) (”C) (h)
lb 50 C q D q CS2 1 : 8 35 0.5
2 b 50 ceDe CS2 1 : 8 35 16
3 1 0 0 0 CeDe CS2 1 : 8 35 16
4 500 CeDe CCI4 1 : 8 80 2
5 500 CeDe CCI4 1 : 8 80 16
6 500 CeDe ———— 1 : 8 80 72
7 500 CeDe H 2 O® 9:1 80 72
8 500 HTOd CeHe 1 : 2 0 0 80 72
a : Total volume 2 ml unless otherwise stated : Catalyst AICI3 - 1
b : Total volume 1 ml
c : Investigation of potential of water to act as co-catalyst
d : HTO 3.8Ci/ml, 1 0 /L6 1
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4.3 Polymer Supported Lewis-Superacid Catalvsts
4.3.1 Introduction
The basic principle of this route to polymer supported Lewis- 
superacid catalysts is the reaction between the OH groups of a 
support, for example silica or sulphonated polystyrene, and a 
Lewis acid. The background to this area has been discussed in 
Chapter 1 (page 44). In this work the preparation of a polymer 
supported Lewis acid catalyst was attempted by reaction of:
(a) Gel form sulphonated polystyrene with antimony pentachloride 
in solution (PS-SOgH-SbClg). This is an analogous preparation 
to that of a polymer supported antimony p e n t a f l u o r i d e 2 G 4 ,
(b) Macroreticular sulphonated polystyrene with aluminium 
chloride vapour (PSM-AICI3 ).
4.3.2 Preparations 
Reagents
Antimony pentachloride was obtained in chloroform (l.OM) from 
Aldrich Chemical Company and used without further purification. 
All resins were dried for 5 days at 80°C under high vacuum (0.07mm 
Hg) over phosphorus pentoxide.
PS-S03H-SbCl5
Dowex 50W-X8 (hydrogen form, 5g) was allowed to swell in dry 
chloroform (2 0 ml) under nitrogen, and antimony pentachloride (1 0 ml
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of a l.OM solution in chloroform) was added with the use of a 
syringe equipped with a luer stopcock. The mixture was stirred 
for a further 24 hours, filtered, washed with chloroform (100ml), 
and further dried for 2 days under high vacuum. Hydrogen chloride 
gas was generated by the reaction of concentrated hydrochloric and 
sulphuric acid, and was dried by passage through a trap containing 
the latter. This was then allowed to flow over the resin at a 
steady flow rate for 6 hours in an attempt to activate the 
superacid groups.
PSM-AICI3
The reaction between a solid and highly reactive and toxic 
aluminium chloride vapour obviously requires special apparatus. 
The design of this is discussed in the following section.
Apparatus
The apparatus in question is shown in Fig.50 (page 181). 
Basically it consists of a pyrex glass tube with a recess at each 
end to accommodate the polymer and Lewis acid respectively. 
Nichrome heating wire was wound around the tube and fixed by means 
of copper collars which also provided terminals for the power 
supply. The entire assembly was then stabilised by a narrow film 
of Araldite. Electrical and thermal insulation was provided by 
means of a pyrex glass outer tube and this was secured by means of 
PTFE spacers.
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A suitable heating current (4A) was provided by a Variac 
power supply and the temperature inside the reactor was controlled 
by a thermocouple which was connected to a temperature controller 
(RS Electronics, 0 - 200“C) . Dry nitrogen was provided by passing 
the gas from a high pressure cylinder through a Negretti high 
pressure regulator. This was then passed through a Drierite 
column and into the apparatus. The apparatus was protected by 
three traps, air, water and silicone oil respectively. At the 
end of the experiment any HCl evolved will have dissolved in the 
water and can therefore be detected.
Experimental
Macroreticular sulphonated polystyrene (Amberlyst 15 or 
XNlOlO, 3g) and aluminium chloride (5g) were loaded into the 
downstream and upstream chambers of the reactor respectively. The 
heating control was adjusted so that the upstream end of the tube 
was maintained at 120°C with a twenty degree differential across 
it s length. The current was turned on and the halide allowed to 
sublime into the carrier gas flow which carried it across the 
heated polymer. When the halide reached the unheated extreme 
downstream end of the reactor it was deposited as a fine white 
powder. As the resin reacted with the vapour, a distinct 
darkening was noticed; however in all runs the resin was 
contaminated with a white layer of physically deposited halide, 
and homogeneous products were not obtained. The total heating 
time was 5 days and at the end of this period the water in the 
water trap had a pH of one. The modified polymer was then
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protected from moisture in a despicator prior to analysis and its 
use in tritiation studies.
4.3.3 Results
In a simple experiment involving the tritiation of anisole 
under competitive conditions, no difference in the level of 
tritium incorporation between the sulphonated polymer (Dowex SOW- 
X 8 ) and its metalated derivative (PS-SOgH-SbCls) was observed, 
therefore this product was not used further.
Analyses of the other products are shown in Table 46. The 
results of a comparison between the starting materials and the 
products in the deuteriation of 1 ,4-dimethoxybenzene are shown in 
Table 47. All the polymers prepared failed to promote proton 
exchange between perdeuteriobenzene and p-xylene at room 
temperature. The macroreticular Lewis acids (PSM-AICI3 ) were used 
in the tritiation of quinoline at 120“C. The conditions employed 
and observations made are reported in Table 48.
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Table 46 Analysis of Polymer Supported Lewis Acid Catalysts®
Run Polymer ;C1
1 Amb 1 5 -AICI3
2 Amb 1 5 -AICI3
3 Amb IOIO-AICI3
0.36®
1.56®
<0.409
1.33*
1.25:
a: Runs at 120“C for 4 days; all runs gave non-homogeneous 
products 
b; % Metal 
c: O.lOmmol Cl/g 
d; O.llramol Al/g, A1:C1 = 1:1 
e: 0.44mmol Cl/g 
f: 0.39mmol S/g, Cl:8=1.1:1 
g: O.llmmol Cl/g
Table 47 Comparison of Polymer Supported Lewis Acids With
Parent Polymers: Deuteriation of 1,4-Dimethoxybenzene®
Polymer (Run)b Surface Area Loading
(m2/g) (meq/g)
;D® %D/loading 
(g/meq)
Amberlyst 15 45 4.3 2 1 , 0 4.9
Amberlyst 15 (2) — — 39.0 9.0
Amberlyst 1 0 1 0 540 3.3 51.3 15.5
Amberlyst 1010 (3) — — 26,1 7.9
b:
c:
Reaction conditions. Solution A (0.50ml) heated at 100.0°C 
with catalyst (155mg)
Solution A comprises 1,4-dimethoxybenzene in dioxan-D^O
[1,4-dimethoxybenzene]total = 1.25M, [D2O]total = 5.88M.
Refers to run numbers in Table 46 
Calculated from nmr integrals.
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Fig.50 Apparatus for Preparation of Polymer Supported Lewis 
Acid Catalysts-
Glass insulation tube 
PTFE spacer
\ Heating coil
N 2  out —
Thermocouple
\ % A \ *v x  \  \  *v \X-V-X-V-\
Polymer ^ \ \  ^  \ \  \ \ }  AICI3
Temp,
Control
I'
240 V 
4A
  <—  N2 in
Table 48 Hydrogen Isotope Exchange Study Using Polymer
Supported Lewis Acids®
Polymer Substrate Observation
Amb 1 5 -AICI3  
Amb IOIO-AICI3
Quinoline
Quinoline
Compound labels at C3 (8 8 %), C 6 (12% 
Decomposition of substrate^
a: Using 2 0 0 ( jl1 substrate, lOOmg catalyst and HTO (5Ci,ml“^, lOjLtl) 
at 120°C/4d
b: ^H nmr spectra comprises complex overlapping signals in the 
aromatic region with no resemblance to that of the starting 
material
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4.4 Discussion
It is clear from the estérification results presented in 
Table 44 that the most active polymers are those supporting 
aluminium chloride whereas the molybdenum and antimony analogues 
appear to be inactive. The elemental analysis in the case of 
the latter gave a metal : chlorine ratio of 1:3 indicating that some 
other species has been attached to the resin. Both antimony and 
molybdenum pentachlorides are rapidly reduced in air to the 
corresponding trichlorides and in the presence of water they are 
violently hydrolysed to their oxychlorides which are colourless 
solids. Antimony (III) chloride is known to form 1:1 adducts
with aromatic c o m p o u n d s 3 6 7  it is conceivable that it may bind
to a polystyrene matrix. In addition charge transfer complexes 
of the pentahalide with single ring aromatic compounds tend to be 
yellow^GS whereas the beads isolated were dark green in colour.
The infra-red absorption spectrum of PS-AICI3 -I showed new 
peaks in the region 1600-1650 cm-1 and these have been assigned by 
earlier workers to the metal-carbon stretches of the Lewis acid 
polymer complex247^ Moreover, the polymer gave a correct 
metal: chlorine ratio, consequently there is confidence that the 
correct species have been supported. This is borne out by the 
estérification results. However, absolutely no catalytic
activity was observed at all in the hydrogen exchange reactions.
The most feasible explanation involves a lack of swelling on 
the part of the polymer, thereby restricting the access of the 
substrates, and isotopic water, to the active sites. Although 
reasonable swelling solvents such as benzene, carbon disulphide
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and carbon tetrachloride were all included in the investigation, 
the nature of the experiment precluded the use of superior protic 
swelling solvents such as methanol and ethanol. Therefore, it is 
considered that solvents such as benzene swell the resin 
sufficiently to allow facile diffusion of small aliphatic 
compounds, however, that of aromatic substrates is severely 
limited. In fact Neckers249 reported poor yields in the 
estérification of n-butanol by aromatic carboxylic acids. This is 
borne out by entries 8-10 in Table 44, which show that high 
temperatures and prolonged reaction times are necessary. In the 
case of para-nitrobenzoic acid, only 5% of ester was formed under 
these conditions.
A further reason may be that the isotope concentration is 
diluted by the water in the pores of the polymer. The infra-red 
spectrum of PS-AICI3 -I showed a broad absorbance at 3400cm” .^ 
Attempts to remove this resulted in changes in the physical 
appearance of the polymer. For example, significant 
decolourisation of the beads were noted, presumably due to 
sublimation of aluminium chloride out of the resin. Consequently, 
the resin was not used further.
An alternative approach is the use of a macroreticular resin, 
by which it was intended to avoid problems with resin swelling 
since the pores of such polymers are large enough to allow the 
passage of small reagents. The analytical results in Table 44 
clearly show that very low amounts of aluminium and chlorine were 
found in the polymer. It is probable that the pores are too
large to trap the Lewis acid and the latter was simply washed away 
when the product was filtered and washed.
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One area where further work may be considered concerns the 
use of extremely lightly ( < 0 . 5 % )  cross-linked resins. These are 
able to swell to a much greater extent than the 2 % cross-linked 
resin used, and although it is anticipitated that the mechanical 
stability of such resins will be poor, the latter problem may be 
overcome by using ultrasonic agitation which has been shown to be 
effective in such instances332.
While polymer protected Lewis acids of the form previously 
discussed have been shown to be active in estérification and 
acetal formation reactions, the catalysts are inactive in more 
demanding applications such as the alkylation of benzene^SO^ 
isomérisation of p a r a f f i n s 2 6 4  and hydrogen isotope exchange.
The second form of polymer supported Lewis acids were 
prepared according to the method of Gates262^ The original paper 
indicates that hydrogen chloride is formed in the following 
reaction
Poly-SOgH + AICI3 ------► Poly-S0 3 A 1 C 1 2  + HCl
In the reactions conducted the gaseous effluent when bubbled 
through water gave a solution of pHl, therefore it appears that 
the reaction was successful. However, the reactions differed from 
those reported in a number of ways. In the original work the
polymer was reported to darken as it reacted. Therefore, over a 
period of time a dark wave was observed moving over the surface of 
the polymer towards the downstream end of the reactor. Once the 
Lewis acid passed over the bed and cooled, physical deposition 
occured. In the reactions conducted no wave was observed although
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some darkening was noted Furthermore, physical deposition of the 
halide throughout the length of the reactor caused non-homogeneous 
products to be obtained.
These differences have probably arisen through differences in 
the dimensions and type of reactor. For example, in the original 
work it would appear that the Lewis acid took much longer to 
traverse the length of the reactor (1.3cm/day). In this work, 
physical deposition at the extreme downstream end of the reactor 
was noted after as little as four hours, despite the use of 
similar carrier gas flow rates. It is obvious that the conditions 
employed by the former gave a far more controlled reaction. Not 
surprisingly, significantly higher amounts of aluminium and 
chlorine in the products were obtained, typically by a factor of 
ten.
The results in Table 47 show that in the case of Amberlyst 
15, a higher yield in the deuteriation of 1,4-dimethoxybenzene was 
obtained using the Lewis acid treated polymer. However, in the 
case of Amberlyst 1010 a reduction in yield was noted. These 
results reflect the unstable nature of these catalysts in general. 
In alkane rearrangement rapid deactivation is often observed when 
temperatures in excess of 60 °C are used. Usually this is 
accompanied by loss of halogen from the c a t a l y s t 2 6 4 .
The same catalysts were used in the tritiation of quinoline 
(Table 48). It should be remembered that the parent polymers 
direct the label specifically into the three positon of the 
pyridine ring (Chapter 2, Section 2.4) as a function of the 
absolute acidity of the system. It might be predicted that the 
formation of superacidic sites on the surface of the catalyst
Chapter 4 : Page 186
would result in a change in the regiospecificity of labelling. 
Therefore, exchange might be expected to take place at the
activated positions in the phenyl ring thereby giving rise to 
labelling patterns similar to those obtained using triflic acid or 
aluminium chloride. Alternatively, it may occur simultaneously 
via both routes, with unreacted polymer and reacted polymer 
directing the label into the pyridine and phenyl rings
respectively, to yield a double ring labelled product. In 
practice the latter occurs, with Amberlyst IS-AlClg labelling the 
compound in the 3 and the 6 position. The high preponderance of 
the former can be attributed to the low level of functionalisation 
of the polymer.
An interesting result was obtained when the experiment was 
repeated with Amberlyst IOIO-AICI3 . In this case total 
decomposition of the starting material occured to give a dark 
reddish liquid whose proton spectrum consisted of complex 
overlapping signals in the aromatic region. Moreover, it s 
spectrum bears a striking resemblance to that obtained when
quinoline was tritiated with high weights of Nafion catalyst 
(Table 17, page 79). similarly, the purpose of the latter 
experiment was to increase the acidity of the system by increasing 
the number of available acidic sites. Due to the complex nature 
of the spectra obtained, it is suggested that these products may 
be polymeric in nature, however no further inferences can be made.
Although a satisfactory polymer supported Lewis acid catalyst 
has not been prepared, this work serves well to highlight a number 
of points. First of all the link between the support and the 
active group should be a chemical bond since the gel encapsulated
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Lewis acids were only active in certain applications. 
Furthermore, binding to a macroreticular support cannot be 
achieved by this method. The preparations of polymer supported 
Lewis-superacid catalysts clearly have not given products with the 
same order of activity as those originally reported. 
Nevertheless, there are some indications that the bound Lewis 
acids are enhancing the activity of the polymers. It should be 
remembered that the catalysts were intended for use in dry vapour 
phase reactions, and obviously, their adaptation to solution phase 
reactions in the presence of isotopic water is highly speculative. 
The author is of the opinion that if more reactive polymers could 
be prepared, then, interesting results may be obtained if water 
was excluded from the reaction system, and an alternative isotope 
supply such as perdeuteriobenzene was used. This is important 
since maximum acidity would be attained, and the integrity of the 
polymer supported catalyst would be preserved.
The routes to polymer supported Lewis acids which were 
examined involve the binding of the Lewis acid to the support by 
physical encapsulation and ionic bonding. In the light of the 
reactive nature of organoaluminium halides in hydrogen isotope 
exchange, one area which is considered worthy of further study is 
the preparation of covalently bound polymer supported aluminium 
alkyls. The metal exchange reaction between aluminium halides and
metal alkyls (metal= Sn, Pb, Mg) forms the basis of a well
established route to the unbound organoaluminium h a l i d e s ^ G S ,
Since recent reports in the literature include the preparation of 
polymer supported m a g n e s i u m ^ O ®  and tin a l k y l s 2 9 8 - 3 0 0 ^  in 
principle, a route to the polymer bound organoaluminiun halides
must lie here.
Chapter Five : Polymer Supported Catalysis of Hydrogen Exchange
Using Tritiated Water at High Specific Activity
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5.1 Introduction
So far, this thesis has discussed the application of polymer 
supported catalysts in hydrogen isotope exchange, where 
appropriate labelling reactions have been conducted using 
tritiated water of a very low specific activity (<25Ci ml“^).
In this final chapter, the results of a short period working at 
Amersham International to determine the feasibility of the method 
using high specific activity tritiated water (ca. lOOOCi ml~l) 
are presented. Of particular interest was the level of 
incorporation which could be achieved, as the lower specific 
activity tritiated water generally gave products with specific 
activities in the range l-15mCi mmol"^.
One feature of the preparation of tritiated compounds to high 
specific activity is the problem of radiation-induced self­
decomposition of the substrate. This process can generate 
tritiated degradation products which are similar to the tritiated 
compound in question, and clearly will complicate it s isolation 
and purification. Since polymer supported reactions tend to be 
clean, the extent of the problem in the work conducted was viewed 
with interest.
The compounds selected for study are shown in Table 49. 
Where possible the results obtained are compared with those 
obtained using other exchange methods.
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Table 49 Compounds Studied.
Compound Reason for Interest
Mesyl anilide
PhNHSOzMe
Previously prepared from tritiated methyl 
iodide. The label was found to be labile 
and this indicated that the compound might 
label via an exchange process.
2-Nitrofluorene Previously tritiated at Amersham using acid 
-catalysed routes leading to products with 
moderate specific activities. The compound 
is unsuitable for metal catalysed exchange 
with tritium gas due to the poisoning effect 
of the nitro group and the possibility of 
it's reduction.
Fluorene Parent compound, for comparison with the 
nitro derivative
Resorcinol
Taxifolin
Simple phenol;candidate for attainment of 
high specific activities
Complex phenol labelled previously by 
exchange with tritiated water over Pt/C. 
Acetic acid was used as the solvent.
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5-2 Experimental
Production of High Specific Activity HTO
Tritium gas (25Ci) was stored on an uranium getter, which was 
connected to a high vacuum manifold. The system was evacuated and 
tritium gas was liberated by warming the getter. The gas was then 
transferred into a small flask where reduction over a platinum 
oxide catalyst was carried out to yield tritiated water of high 
specific activity. Some dilution of the latter is considered to 
have taken place due to the water content of the catalyst, however 
the extent of this is not known and probably varies from batch to
Ibatch.
Manipulation of Tritiated Water and Solvents
Since large amounts of radioactivity were used, the 
techniques employed to manipulate the isotopic water and reaction 
mixture were considerably different from those used previously.
For example, tritiated water was transferred to the reaction 
vessel by vacuum transfer using the apparatus shown in Fig.51.
Fig.51 Vacuum Transfer of High Specific Activity Tritiated Water
BA
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This was accomplished by freezing the tritiated water in the tube 
at A in liquid nitrogen while a TR8 tube containing the substrate, 
solvent and catalyst was attached at B. The contents of the 
latter were also frozen and the entire manifold was evacuated at
C. Finally, the manifold was isolated and A was allowed to warm 
up to room temperature with B remaining at liquid nitrogen 
temperature. Gentle warming at A using a hot air blower ensured 
quantitative distillation of tritiated water into the reaction 
tube B. With the system re-evacuated the TR8 tube was flame sealed 
and detached from the manifold. The former are designed with two 
quickfit collars so that at the end of the heating period, the 
opened tube can be reconnected to the manifold, thereby enabling 
the tritiated water to be transferred back into a further tube for 
eventual re-use or disposal.
Hydrogen-Tritium Exchange Reactions
The experimental conditions for the labelling experiments are 
summarised in Table 50. In all cases the residue left in the TR8  
tube after removal of tritiated water was taken up into absolute 
ethanol (25ml) and the solution decanted from the polymer 
catalyst. The crude tritiated compound was obtained by rotary 
evaporation of the solvent and labile tritium was removed by 
successive ethanol washes. Where necessary the compounds were 
purified by preparative thin layer chromatography using Analtech 
Silica Gel GF plates (20cm).
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Analysis of Tritiated Compounds
The levels of tritium incorporation were measured using a LKB 
12 09 Rackbeta Liquid Scintillation Counter with an internal
standard for DPM measurement. Optiphase was used as a
scintillant. Radiochemical purities of the crude and purified
materials were measured using a Le Croy 8013A TLC Linear Analyser. 
Specific activities were either obtained directly from mass 
spectra which were recorded on a Kratos MS25 Rf Mass Spectrometer 
operating at 70eV in electron impact mode, or indirectly by 
counting a solution of known substrate concentration. The latter 
were determined with the use of a Ciba Corning 2800 Spectrascan 
UV Spectrophotometer and known molar extinction coefficients. 
Distributions of tritium in the compounds were determined by 
recording nmr spectra at 32 0MHz with broad band proton
decoupling.
5.3 Results
The total and specific activities of the tritiated products 
are shown in Table 51 along with the method used in the evaluation 
of the latter. Measured radiochemical purities and the 
corresponding TLC systems are summarised in Table 52. Radio TLCs 
of crude and purified 2“nitro-[^H]-fluorene and [^H]-fluorene are 
shown in Figs 52 and 53 respectively. The 70eV El Mass Spectrum 
of 2-nitro-[^H]-fluorene is shown in Fig 54. and NMR spectra 
of the tritiated fluorenes are shown in Figs 55 and 56. Tritium 
chemical shift values and isotope distributions in the labelled 
compounds are summarised in Table 53.
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Table 50 Hydrogen-Tritium Exchange : Reaction Conditions^
Compound Wt.
(mg)
Catalyst Wt.
(mg)
Solvent Volume
(ml)
Temp./Time 
("C)
Mesyl chloride^ 28 A 127 dioxan 0.3 50/18h
DMF 0 . 2
2-Nitrofluorene 27 A 64 dioxan 0.3 50/18h
DMF 0 . 2
Fluorene 15 A 30 dioxan 0.3 50/18h
DMF 0 . 2
Taxifolin 1 0 B 2 2 dioxan 0.4 110/4h
Resorcinol 9 B 25 dioxan 0.4 100/16h
A: Amberlyst A26 
B: Amberlyst 15
a: Specific activity of HTO estimated at 1500Ci ml""^ 
b: Compound found to undergo complete decomposition by TLC, 
probably to the corresponding sulphonic acid
Table 51 Specific Activities of Products
Compound Total
Activity
(mci)
Specific 
Activity 
(Ci/mmol)
Method
2-Nitrofluorene 81.0 5.1 Mass Spec.
81.0 4.8 UV (£329 = 175083)
Fluorene 37.8 0.9 UV (E.260 = 212003)
Resorcinol 18.6 0.4 UV (£282 = 211003)
Taxifolin 4,7 0.3 estimated
a: dm^ mol  ^ cm"^
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Table 52 Radio-Purity Data of Tritiated Compounds^
Compound RCPlb
(%)
RCP2 C
(%)
Rf TLC System
2-Nitrofluorene 84.4 98.3 0.78 toluene
84.1 93.7 0.76 hexane:CHCI3 : acetic 
acid (70:30:0.5)
Fluorene 75,7 99.1 0.60 hexane
Resorcinol 87.4 0.81 CH2 Cl2 :MeOH (3:1)
Taxifolin 91,3 0.61 CH2 CI2 : acetone: 
acetic acid (9:1:2)
a: Silica plates
b; Radiochemical purity before purification 
c: Radiochemical purity after purification
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Table 53 Tritium Chemical Shifts and Distributions in the
Labelled Compounds^
Structure Chemical Assignment Distribution
Shift (ppm) (%)
4.09 
4.08
CHT
CT2
>98
< 2 ^
3 . 89 
3.86
CHT
CT2
>98
<2
OH
6 2
OH 6.21 2,4,6 100
5.96 
5.89 
6.87
6.97
unknown^ >95
6 ,2',5',6 '
7
<5
a: Recorded in dg-DMSO
b: Mass spectrum gives 2.1% double labelling 
c; Decomposition products
Chapter 5 : Page 196
(S
X
<3
1810 20
Or SF
Distance (cm) rsh am
4.5
3.5
1.5-
.5
6 12 18 20
Or
Distance (cm) me r sh am
Fig 52. Radio-TLC scans of tritiated 2-nitrofluorene
Top : Crude material
Bottom : Purified compound
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Fig- 53 Radio-TLC scans of tritiated fluorene
Top : Crude material
Bottom : Purified compound
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Fig 54. 70eV El Mass spectrum of 2-nitro-[^h ]-fluorene
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Fig. 55 NMR spectra of tritiated 2-nitrofluorene 
Above : mar of tritiated material
Below : nmr (proton decoupled) of tritiated compound
PPM
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Fig.56 NMR spectra of tritiated fluorene 
Above : nmr of tritiated material
Below : nmr (proton decoupled) of tritiated compound
5PPM
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5.4 Discussion
The period spent at Amersham gave a good insight into how 
molecules are labelled to high specific activity. Moreover, it 
highlighted several advantages and disadvantages of the polymer 
supported catalyst exchange system. The biggest advantage proved 
to be the lack of radiation induced self-decomposition, which 
was manifested by high radiochemical purities of the crude 
tritiated materials (>85%), the order of which were considerably 
greater than those often obtained using other exchange 
procedures.
The first compound studied, mesyl anilide unfortunately 
decomposed, probably by base catalysed hydrolysis of the amide to 
the corresponding sulphonic acid.
2-Nitrofluorene was labelled to a reasonable specific
activity (5Ci mmol""l) in spite of the fact that the tritiated
water had previously been used, and therefore diluted, in the 
labelling of the sulphonamide. Moreover, the level of 
incorporation was an improvement on those obtained at Amersham 
using aluminium chloride (2.4Ci mraol“^), or a mixture of 
trifluoroacetic acetic and trifluoromethanesulphonic anhydride 
(<50mCi mmol""l) . In both the latter cases extensive decomposition 
of the substrate occured resulting in a low radiochemical purity, 
and the work up entailed the separation of the compound from a 
corrosive reaction mixture.
Fluorene itself labelled to a lower specific activity than
the nitro derivative, and this would be expected since it is a
slightly weaker carbon acid.
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Both of the fluorene derivatives show a small degree of double 
labelling (ca. 2 %) in their tritium nmr spectra, and in the case 
of the nitro compound, in the mass spectrum of the labelled 
compound.
Both of the acid catalysed tritiations gave products of much 
lower specific activity (<lCi mmol”^), however in these cases the 
tritiated water had been used and diluted a number of times. 
Obviously, its specific activity by now was much lower than that 
of the freshly prepared sample. It is clear that one disadvantage 
of protic polymer supported catalysts at high specific activity 
is that of exchange with the labile protons on the catalyst. This 
obviously imposes a practical limit on the specific activities 
which can be obtained using this method. However, it should be 
noted that this disadvantage would not apply to aprotic polymer 
supported catalysts, such as polystyrene supported metals or 
Lewis acids.
Finally, taxifolin was found to have undergone deposition 
during the labelling experiment. Although a single spot with the 
same R f  value as co-spotted starting material was observed in the 
chromatographic analysis, the proton and tritium spectrum 
indicated considerable structural changes, probably to a keto 
form. Obviously, this highlights the danger of relying on one 
analytical technique, particularly where metabolites are likely to 
be structurally similar to the starting material.
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